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SYNOPSIS 
The most practical treatment for reducing the noise of present diesel 
engines is to replace the thin-section, noise-radiating components with 
constrained damping layers, where a viscoelastic layer is sandwiched 
between two elastic layers to give the composite panel high damping 
characteristics. The damping ability of such panels is highly 
dependent on dynamic shear properties of viscoelastic materials as well 
as on the selection of elastic materials. The damping shear properties 
of viscoelastic materials are highly dependent on frequency and 
temperature. Experimental data on the damping properties of 
viscoelastic materials are, so far, limited to a small low frequency 
range. 
The forced vibration non-resonant technique is adopted in the present 
investigation. Atest rig has been designed, built and developed to 
measure the dynamic shear properties of some visoelastic materials over 
a wide range of temperature (40 to 1000C). These properties are also 
measured over a wide range of frequency (50-1500 Hz), covering part of 
the audio frequency range, in which the severity of engine noise 
occurs. 
Polysulphide rubber and ethylene propylene rubber have been tested. 
Their dynamic shear properties have been obtained, tabulated and 
plotted as functions of frequency and temperature. The effect of 
strain amplitude has been investigated and discussed. A new approach 
for an easy, fast and direct measurement of the loss shear modulus has 
been proposed. 
It has been found that both viscoelastic materials possess considerable 
damping, especially over the frequency range of 900-1500 Hz. The 
effect of strain amplitude was found negligible. 
ii 
The optimum design and damping ability of three layer composite panels 
have been investigated. The effects of elastic and viscoelastic 
material on the damping of these panels has been examined. Magnesium 
has been found to be a superior elastic material of those investigated. 
Aluminium is the next most suitable elastic material, with steel as the 
least suitable elastic material. Polysulphide rubber and ethylene 
propylene rubber have been found suitable for use in composite damping 
panels, but their relative attractiveness is strongly dependent on 
frequency and temperature. 
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CHAPTER 1 
INTRODUCTION 
Noise from road traffic has the most widespread influence on the 
envi ronment. In 1964, a survey of noise in London showed that noise 
from road traffic annoyed people, in the home and outdoors, more than 
any other source (1). This noise was a close second to industrial and 
construction noise in disturbing people at work. ýPeople who live near 
urban main roads or motorways are affected by a continuous background 
noise level caused by traffic. This noise level may suddenly increase 
from exceptionally noisy, or exceptionally fast-moving vehicles. 
The majority of diesel-engined heavy commercial vehicles stand out as 
major noise generators. This has been influenced by the demand of 
increasing the size, speed and power of these vehicles. - In the 
commercial field, in order to meet the legislated power to weight ratio, 
vehicles with more powerful engines are required. To increase the power 
output, the engine can be made larger or can run faster or its specific 
load can be increased. Generally, until recently, the parameter chosen 
for increasing the power output of an engine has been the speed, which 
also unfortunately, increases the noise (1.1). The result is that 
automotive diesel engine noise has increased by about 6 to 8 dB over the 
past 30 years. The introduction of the high speed diesel engine, 
however, has offered very great economic advantages since the same power 
output has been possible from a physically smaller and lighter unit. 
When diesel vehicles move through urban areas during the day, the noise 
of their engines is very noticeable. This noise is more pronounced after 
stopping at road junctions, especially after periods of running at low 
speed or idling. The noise level seems to be even louder when vehicles 
move through urban areas at night. 
If the diesel engine is going to be more widely used to propel vehicles, 
there must be some progress to make noise from diesel engines more 
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acceptable and to reduce the overall vehicle noise to below the limits 
embodied in legislation. 
Legislation to limit noise from road vehicles has been introduced in 
many countries in Europe and North America. Limits of noise level have 
been introduced for different types of vehicles, and there are proposals 
for further reduction in the noise level in the future with advancing 
technology. 
In addition to legislation, other schemes have been implemented to 
reduce the annoyance and nuisance caused by road vehicles. Exampl es of 
these are: rerouting traffic away from residential areas and erecting 
barriers between these areas and the motorways to reflect noise away 
from residential areas or to direct it upwards. 
Diesel engines generate noise as a result of enormous combustion and 
mechanical forces developed within the engine. These forces cause the 
engine to vibrate and noise will be emitted from the outer surfaces of 
the engine. 
The combustion process in the diesel engine has always been identified 
by subjective impressions of the resultant noise. This characteristic 
noise of diesel combustion is generally known as "diesel knock" which 
distinguishes it from the smoother combustion of the spark ignition 
petrol engine. At the same time, noises of mechanical origin can also 
be recognised such as "piston slap", gear noise, tappet noise and 
bearing impact noise. These mechanical noises can be of such a high 
level that no difference is observed between the combustion and 
mechanical noise of the engine when it is motoring and running. 
The f orces produci ng these di sti n ct i ve n oi s es a re of wi de ly diffe ren t 
character. The gas force resulting from combustion may be assumed to be 
the direct exciting force of the engine, while the mechanical impacts 
are the indirect forces which are dependent on the direct exciting 
forces in some non-linear manner. 
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In recent years there has been great pollution awareness in most parts 
of the industrialised world. Road transport is considered to be a main 
contributor and public concern is forcing, engine manufacturers to 
produce engines with lower exhaust emissions. Gaseous emission, smoke 
and noise are, to a certain extent, interdependent: an understanding of 
their basic relationships is therefore of value. 
When the basic relationships between carbon monoxide, hydrocarbon, 
oxides of nitrogen, smoke, specific fuel consumption and noise with 
injection timing for a given fuel injection system are considered, only 
the noise and oxides of nitrogen reduce with retarded timing, while all 
the other parameters tend to increase. In practice therefore a 
compromise between the two groups of parameters has to be carefully 
considered. It can be observed, however, that methods used to control 
the formation of oxides of nitrogen in a diesel. engine also tend to 
reduce the combustion induced noise. 
It is mainly the control of oxides of nitrogen that has dictated new 
approaches to combustion system design. For this reason indirect 
injection combustion systems, where the smoke reduces with retarded 
timing, are again being considered for larger capacity engines. In 
direct' injection engines, it has been found that retarded timing can be 
acceptable provided at the same time the engine is turbocharged. 
Turbocharging effectively cleans the smoke and also reduces the carbon 
monoxide'and hydrocarbon emissions. It is also one of the most 
effective methods for reducing the combustion noise of the engine which 
is achieved even with a substantially greater engine output (1.2, '-1.3). 
The reduction of combustion induced noise in comparison with the 
normally aspirated engines is of the order of 6 to 8 dB. At-the same 
time, the mechanically induced noise increases in turbocharged engines. 
In many reciprocating engines certain clearances must be maintained 
between the running parts. This applies to the piston in the bore, 
journal in bearing and mating gears. In all these moving parts the gas 
forces which act, on'the piston are modified by alternating forces 
generated in'the crank mechanism, the result being that the force 
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between the two moving parts, or between moving and stationary parts, 
changes its direction or sign. During the operation of the engine the 
moving parts are accelerated across the clearances, thus causing either 
mechanical impacts or impulsive hydraulic forces in the lubricating oil 
film. 
The reduction of noise in diesel engines is a very complicated problem. 
Reducing the combustion and mechanically induced noise, which is 
transmitted through the engine structure and radiated through the outer 
surfaces, obviously requires careful consideration at the early stages 
of engine design. This may involve a major modification to the engine 
structural parts and auxiliary components. 
For the current generation of diesel engines, reducing the response of 
outer surfaces, especially the thin-section noise-radiating components 
may be considered potentially a promising practical approach. This may 
be achieved by some form of damping treatment. 'The most effective 
treatment is that of replacing the thin components (covers) by 
constrained damping layers (composite damping panels). This treatment 
is obviously applicable to the existing engines. 
In constrained damping layers a viscoelastic layer is constrained 
between two elastic layers forming a composite panel. When the 
composite panel is deformed, it will be subjected to a large amount of 
shear. This shearing dissipates heat energy and damping thus occurs. 
The damping ability of composite panels is highly dependent on the 
damping properties of viscoelastic materials and on the selection of 
elastic materials. The damping properties of viscoelastic materials are 
highly dependent on frequency and temperature. Data of the damping 
properties of viscoelastic materials produced directly by experiment 
are, so far, 
'limited 
to a small frequency range. 
The objectives of the present work are to measure the dynamic shear 
properties of some high damping viscoelastic materials over wide ranges 
of temperature and frequency, covering part of the audio frequency 
4(a) 
range, in which the severity of engine noise occurs, and consequently, 
to use the obtained data for determining the damping ability of optimum 
designed composite panels. 
The forced vibration non-resonant technique is adopted in the present 
investigation. A test rig has been designed, built and developed to 
measure the dynamic shear properties of viscoelastic materials over a 
frequency range of 50-1500 Hz and temperature range of -40 to 1000C. - 
Polysulphide rubber and ethylene propylene rubber are tested. Their 
dynamic shear properties are obtained and presented in tables. These 
properties are graphically plotted against frequency and temperature and 
are discussed and compared. Both materials possess high damping 
properties especially within a frequency range of 900-1500 Hz. 
The optimum design and damping ability of three layer composite panels 
are investigated. The effect of viscoelastic materials and elastic 
materials on the damping of these panels is examined. 
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CHAPTER 2 
LITERATURE REVIEW 
This chapter includes a brief review of noise and environment, especially 
noise effect 
- 
on people and some acoustic concepts related to its 
measurement. Noise in diesel engines is briefly reviewed, especially 
its generation at source, transmission and radiation from outer surfaces. 
Methods of controlling this noise are also described. Emphasis on noise 
reduction emitted from the outer surfaces is considered as a promising 
approach to controlling the noise of the current generation of diesel 
engines. This includes several damping treatments which can be applied on 
noise radiating outer surfaces. The most effective one is the 
constrained damping layers treatment. The damping characteristics of 
this treatment are reviewed. Due to the strong dependency of these 
characteristics on the damping properties of viscoelastic materials, 
these properties are mentioned and reviewed according to the most 
important factor affecting them. The methods of measuring the damping 
properties of viscoelastic materials are also considered and reviewed. 
2.1 NOISE AND THE ENVIRONNENT 
The effect of sound on people and physical characteristics of sound 
including: sound wave propagation in different media, magnitude, 
frequency and the audio frequency range are briefly described. Some 
acoustic concepts and definitions, related to noise and its measurement 
are also defined. The sound pressure level which describes the loudness 
of sound and the need of using the dB scale in noise measurement are 
briefly explained. 
2.1.1 Noise and its Effect on Mankind 
Noise is defined as the unwanted sound, but sound is such a common part 
of everyday life. It permits people enjoyable experiences in listening 
to music or to the singing of birds. It permits spoken communication with 
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friends and family. It alerts or warns people; with a knock on the door 
or the ringing of a telephone. It helps to diagnose some faults in a 
running machine such as the chattering valves of an engine. 
Yet, quite often, sound annoys people. However, the degree of annoyance 
depends not only on the quality of noise , but on the attitude to it. 
To the designer, the sound of his new jet aircraft taking off may be 
music to his ears, but it will be earsplitting for people living near the 
end of the runway; a scratch in a record, or a cracking on glass may 
annoy people more than loud thunder. 
The worst situation of all is when noise damages the delicate instrument 
designed to receive it - the human ear. Generally, the effect of noise 
on mankind can be summarised as follows: 
i) Damage to hearing 
ii) Interference with communication 
iii) Causing annoyance 
iv) Causing tiredness 
V) Reducing efficiency 
Intense noise or long periods spent in a noisy environment can cause 
permanent reduction of hearing sensitivity caused by damage to the 
sensory organs of the inner ear. This type of hearing loss damage can 
never be repaired. 
After spending a short period in an intensive noisy environment, and then 
moving to a quieter one, quiet sounds can no longer be heard. This 
form of hearing loss is called temporary. It can be recovered after a 
period of rest. 
Noise can influence blood circulation and cause stress and other 
psychological effects. 
Noise can also be an accident risk in that warning signals or shouts can 
no longer be heard. 
7 
2.1.2 Some Acoustic Concepts and Definitions Related to Noise and Noise 
Measurement 
Acoustic noise is sound (even though it is unwanted) and sound, 
physically speaking, is mechanical vibrations or wave motion in gaseous, 
liquid or solid media. Such vibrations are characterised by their 
frequencies and magnitudes. The hearing mechanism of the human ear 
perceives only the mechanical vibrations of certain magnitudes and 
certain frequencies. The audible vibrations are found within the 
frequency range extending from approximately 20 Hz to 20,000 Hz. This 
range varies from person to person, and it depends on the person's age 
and possible hearing loss, etc. 
In a certain medium, for instance air (or water), mechanical vibrations 
(or sound waves) propagate away from the place of their origin with a 
certain speed called the speed of sound, which is a physical property of 
the medium. 
In gaseous mediums such as air, the propagation of mechanical vibrations 
takes place in the form of density vibrations in the direction of 
propagation (i. e. longitudinal waves). The most common method of 
measuring the density vibrations is to measure the associated vibrations 
in pressure i. e. to measure the magnitude of sound pressure. 
The simplest vibration, in acoustic terms, is a pure tone which consists 
of a sinusoidal waveform as shown in Figure 1. Three important quantities 
characterize the magnitude of vibration: 
Apeak: The peak value which is the maximum amplitude value that 
the signal reaches within the period of time T. 
ii) ARMS: The root mean square value which is defined as: 
f 
RMS .0 
xf 
0 
a2 Mdt 
T 
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where T is the period of vibration 
a is the instantaneous amplitude of vibration 
and t is the time 
iii) Alaveragel: The average absolute value. It is defined as: 
T 
Alaveragel f laidt 
T0 
For pure sinusoidal vibration only, the relationships between the various 
values are: 
7r 1 
ýF Al averagel Apeak RMS TV 
For noise or sound measurement, the most important. value of these is the 
RMS sound pressure, because it takes the time history into account and 
most importantly, it has a direct relationship to the energy content of 
the sound signal. 
It must be noted that. in practice, most sounds have much more complex 
waveshape than the pure tone mentioned above. Fourier theory states 
that any finite signal, no matter how complex, may be looked upon as a 
combination of a number of sine waves. The combination of the sine 
signals may constitute the vibration frequency spectrum of complex sound 
(noise) . 
The weakest sound pressure that a healthy human ear can detect is a very 
small quantity. Amazingly, the range of sound pressure which the human 
ear can perceive as sound is extremely large. The weakest sound pressure 
to be detected by an 'average' person at 1000 Hz has 
, 
been found to be 
0.0002 pbar. On the other hand, the largest sound pressure perceived 
without pain is of the order of 1000 pbar, i. e. the scale of sound 
pressures covers a dynamic range of around 1: 5,000,0001 Therefore, the 
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use of sound pressures in gbar directly as a measure in sound 
measurements is not very convenient. Also, the hearing mechanism 
responds to changes in sound pressures in a relative manner rather than 
in an absolute way. Therefore, it is more convenient to use a relative 
scale of sound pressure than an absolute scale. Such a scale is the 
decibel scale. 
The dB-scale: The decibel is defined as ten times the logarithm to the 
base ten of the ratio between two quantities of acoustic power. As the 
sound power is related to the square of the sound pressure, a convenient 
scale for sound (noise) measurements is defined as: 
P2 p SPL = 10 log (-', ) = 20 log () dB 
where SPL is sound pressure level 
P is the sound pressure being measured 
and Po is a reference sound pressure, normally taken to the 0.0002 Pbar 
It should be noted that the term 'level'- has been introduced in the above 
equation. This indicates that the given quantity has a certain level 
above a certain reference quantity which is 0.0002 Pbar. 
The use of decibel reduces the scale of sound pressures of 1: 5,000,000 to 
sound pressure levels of 0 to 134dB 
ý. ) 0 dB indicating the reference J. 
level and 1-3q dB inicating the maximum level. The two scales are shown 
in relation to each other in Figure 2. 
t* 
2.2 NOISE IN DIESEL ENGINES 
The engine is the major source of vehicle noise. The mechanism of noise 
generation in diesel engines, where the combustion and mechanical noise, 
the noise transmission through the engine structure and the noise 
radiation by the outer surfaces, are explained. The methods of 
controlling the engine noise are described. Emphasis is made on reducing 
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the noise at response (outer surfaces), as it is the only way of 
controlling the noise of existing engines. Damping treatments which may 
be applied on outer surfaces of engines are briefly described. 
2.2.1 Noise Generation Process in Diesel Engines 
The mechanism of noise generation in a diesel engine is that the whole 
structure is set into vibration by the forces developed within the 
engine. The vibrating outer walls such as the water jacket, sump, rocker 
cover, timing cover and crankcase radiate noise, therefore the noise 
level radiated by a diesel engine depends equally upon the magnitude of 
the exciting forces and the vibrating characteristics of the outer 
surfaces. Some of the processes which combine to produce these forces 
are complex. The vibrating characteristics of the outer surfaces are 
also complicated. Noise radiated by the engine surfaces originates from 
two main sources: 
a) Combustion Noise 
This noise is generated from compression, combustion and expansion of 
transient pressure acting on the piston top face and cylinder head. 
Compression of the air charge in a diesel engine raises the temperature 
and pressure sufficiently to ignite the fuel. Fuel injected into the 
combustion chamber breaks up into fine droplets. The droplets begin to 
evaporate and mix with the hot and swirling air charge. Some chemical 
reactions take place at comparatively low rates. When temperature and 
pressure exceed a certain critical value, the fuel vapour begins to burn 
very rapidly in the surrounding air, causing a further rise in pressure 
and temperature. All fuel which is injected and mixed with the air 
charge, in the period between the beginning of injection and ignition 
(ignition delay period) is suddenly burnt, giving a very rapid heat 
release which causes almost an instantaneous rise in cylinder pressure 
towards its peak. Fuel injected into the combustion chamber burns 
continuously,, at a certain rate, also giving rise in cylinder pressure 
towards its peak. The instantaneous pressure rise grants some of the 
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properties of a hammer-blow upon the cylinder pressure pulse, enabling it 
to excite structural resonance throughout the audible frequency range 
even when the engine is operated at low speeds. At high speeds, the 
duration of the high pressure pulse is short enough to excite these 
resonances to some degree. Therefore, the fuel which is injected and 
mixed during the ignition delay period, and hence the peak rate of heat 
release and peak rate of increase of cylinder pressure influence the 
combustion noise. The effect of fuel injection characteristics and 
combustion chamber design on combustion noise was studied in detail by 
Priede(3-5). 
b) Mechanical Noise 
This noise is generated from: 
i) Piston slap against cylinder wall 
ii) Timing gear rattle 
iii) Fuel injection pump torque reaction applied to engine structure 
iv) Inertia forces due to acceleration of piston and connecting rod 
applied to main bearings. 
The major mechanical noise sources in current conventional diesel engines 
are usually impacts between working parts and the structure such as 
piston slap and timing gear rattle. These impacts occur as clearance or 
backlash takes place when forces or torques change direction. The sum of 
the gas and inertia forces acting on the piston changes sign or direction 
several times during the engine cycle, causing the crown or skirt of the 
piston to move across the clearance and strike the cylinder wall. Piston 
slap has been studied by several groups of researchers 
(6-9). Timing gear 
rattle occurs as backlash in the timing gear takes place during torque 
reversals between gears which are providing the periodically varying 
torques required to drive the valves and fuel injection pump. The noise 
associated with diesel injection equipment was studied by Priede(10) and 
Russell(11). 
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c) Response of_Engine Structure to ExcitingForces 
The forces generated by the combustion and mechanical noise sources are 
applied to the engine structure,, causing vibration of the moving parts 
and the crankcase/cylinder block casting. These components have to be 
stiff enough to prevent excessive deflection under gas and inertia 
forces. They transmit vibration from the sources to the external surfaces 
of the engine. Russell(12,13) showed how the motion of cylinderhead, 
due to fluctuations in pressure, excited certain modes of rocker cover 
vibration. Figure 3 indicates how vibration energy, due to exciting 
combustion and mechanical forces, may travel through conventional engine 
structures. This vibration excites resonance in the surface structures 
such as cast panels, cast metal covers and sheet metal covers. The 
resulting vibration levels of thin section areas of the engine surfaces 
are sufficient to radiate noise of considerable intensity. 
2.2.2 Controlling the Noise in Diesel Engines 
Engine noise may be reduced by three main approaches, which can be used 
individually or in combination: 
Control of noise at source 
Control of noise at path 
iii) Control of surface emission noise. 
The first approach involves reduction of the rapid rise in cylinder 
pressure resulting from combustion and reduction of mechanical impacts of 
the running parts which generate the noise. The control of combustion 
noise involves various techniques such as: combustion chamber redesign, 
turbocharging and the design of fuel injection equipment in the aid of 
reducing the rate of cylinder pressure rise, so some reduction of 
combustion noise can be obtained(4). Care must be taken to avoid any 
increase in the emission of smoke or pollutant and any decrease in engine 
power(14). On the other hand, the mechanical excitation can be reduced by 
redesigning the running components to reduce the severity of impacts such 
as piston slap, timing gear and bearing. Generally, piston slap is the 
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most prominent source, and its elimination usually gives small (up to 4 
dB) reduction of overall engine noise as stated by Haddad and Pullen in 
reference 15. It is obvious that this method of controlling noise is 
useful and should be considered during the stage of engine design. For 
the current generation of diesel engines, other noise-reducing methods 
would be, practically, more convenient. 
The second approach involves reduction of transmission of vibration from 
source to crankcase/cylinder block casting, in other words, reducing the 
response of engine structures to vibration. This requires a complete 
redesign of the engine structure as reported by Priede and others(16,17). 
This method is also not applicable to the current generation of engines, 
but it could be a potential for future engine design. 
The third approach involves reducing the response of thin-section, noise- 
radiating components by some form of damping treatment. Such treatments 
are applicable to the current generation of diesel engines. Some of the 
damping treatments, such as sprayed layer damping materials, can be 
applied to the existing engine thin-section covers and some of the 
treatments suggest replacing the existing covers by other components 
possessing high damping properties such as constrained layer components as 
mentioned by Russell in references 13 and 18 and by Thien in reference 
19. 
2.2.3 Damping Treatments for Noise Radiating Surfaces 
There are several well known ways of damping treatment for the noise- 
radiating surfaces. Some treatments can be applied to certain surfaces, 
other treatments suggest replacing some noise radiating surfaces by 
composite covers which can damp the vibration to a certain extent, and 
other treatments suggest enclosing the whole engine using an enclosure. 
These damping treatments are summarised below. 
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a) Damping by Isolation 
This technique isolates the noise-radiating surfaces from the actual 
source of the vibration using a viscoelastic layer. It may be used 
effectively for isolating the thin section components of engines such as 
the timing cover, rocker covers and sumps. This kind of damping treatment 
was used, along with other treatments, by Russell(13,18), Jenkins and 
others(20) and Haddad(21). 
) Silent Paint 
This is an easily applied single layer damping material (Latex IPN). It 
can be applied in the form of coating, by spraying, dipping or brushing 
to the noise-radiating surfaces. This method allows a wide range of 
substrate configurations to be treated and damped as stated by Sperling 
et al 
(22)., 
c) Free Viscoelastic Layer Extensional Damping 
This treatment involves the addition of a free (uncovered) viscoelastic 
layer to the basic structural panel. The bending of the combined 
structure and viscoelastic layer, causes both flexural and extensional 
energy storage, which results in a damped structure(23). This treatment 
can be applied easily to new and existing structural vibrating panels. 
d) Constrained Damping Layers 
In this treatment, a viscoelastic layer, usually an elastomeric layer, is 
constrained between a basic structural panel and an elastic 
(constraining) layer as shown in Figure 4. When the composite panel is 
deformed, it will be subjected to bending and the viscoelastic layer will 
also be subjected to a large amount of shear. This shearing dissipates 
heat energy and damping can occur. This treatment was used, along with 
other treatments, in reducing the noise emitted from noise-radiating 
components in diesel engines because it offers potentially better damping 
than that obtained using free viscoelastic layers as reported by Russell, 
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in reference 18. The damping properties of composite panels are highly 
dependent on the damping properties of viscoelastic materials. Data 
about damping properties of viscoelastic materials are, so far, limited 
to a small frequency range. The purpose of the current work is to measure 
these properties over a wide frequency range, covering the audio 
frequency range, in which the severity of engine noise occurs, then to 
use the obtained data for determining the dmaping properties of composite 
panels (constrained damping layers). More information about constrained 
damping layers will be found in Section 2.3 and its theory will also be 
found in Section 2.4. 
e) Enclosure 
The whole engine surfaces can be enclosed with a specially designed 
noise-reducing shell. The enclosure offers a considerable amount of 
noise reduction(19). On the other hand, the use of enclosures is limited, 
especially when the cost, maintenance, cooling, size and engine weight 
are taken into account. 
The damping treatments mentioned above can be used individually or in 
combination for reducing the emitted noise from the engine surfaces. 
2.2.4 Controlling the Noise Emission of Outer Surfaces 
It is obvious, as stated in Section 2.2.2 that the most practical 
approach in controlling the noise of the current generation of diesel 
engines is to reduce the noise emitted from the outer surfaces of the 
engine. There is a little literature, regarding reducing the noise 
radiated from the thin-sectional engine surfaces (covers) by some form of 
damping treatment. However, such treatments can be found, in combination 
with others, applied on the thicker surfaces. This appears to be still 
at the research stage of development. Priede was one of the first 
pioneers in this field. He and others(16) have carried out experiments 
on a small high speed diesel engine. They obtained more than 10 dB noiýe 
reduction, when they enclosed all the engine surfaces with closely fitted 
damped aluminium covers. These covers were fixed to the engine surfaces 
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by small rubber anti-vibration mountings. They also examined the noise 
contributed by every individual engine surface, by removing the cover 
over a particular surface and measuring the increase in engine noise. 
Their results showed that the major surfaces producing the predominant 
engine noise are: the crankcase wal Is and the front part of the engine, 
at frequency 1000-3000 Hz, the engine sump, approximately 1000 Hz, and 
gearbox-bell housing, 3000 Hz, are the next strongest sources of noise. 
Russell(18) applied slit isolation treatment on the timing cover, and 
used constrained damping sump on a Perkins engine. He achieved 2.5-3.5 
dB overall noise reduction. In another work(13) he reduced the noise of 
radiating surfaces by two means: firstly, by replacing all the flexible 
sheet-steel covers with constrained damping covers, and secondly, by 
devising a scheme for isolating the stiff die-casting part of the cover 
from the securing flange, by leaving slits around much of the periphery 
of the noise radiating area, then he filled these slits with soft rubber 
bonded to the metal. His results showed overall noise reduction of 5 dB 
in the high frequency regions, rising to 8.5 dB approximately in the 
lower. frequency regions. Windett et al(24) produced prototype rocker 
covers and front timing covers pressed from metal plastic laminate, and a 
second rocker cover fabricated from sheets of structural plastic foam. 
Their results showed noise reduction of 5 dB. The structural plastic 
foam sheets gave slightly better results. Thien(19) reported that using 
specially designed covers and shields can also reduce the overall engine 
noise by 5 dB. Furthermore, he obtained up to 20 dB noise reduction when 
he covered the engine completely by an enclosure. It must be noted, as 
mentioned earlier, that reducing the noise by an enclosure is restricted 
to a certain extent. ' 
Recently, Johanson(25) reported that it is possible 
to reduce the noise radiated from engine covers by 7 dB using 
constrained damping covers. 
It seems probable that more intensive development and more freedom of 
choice in manufacturing techniques would result in quieter engines to a 
limit of 10 dB noise reduction below that of corresponding conventional 
engines, as shown by Priede and Austin(17,26). They achieved this 
reduction in noise by two ways: (a)by replacing the original grdy cast- 
iron crankcase with a cast magnesium crankcase of the same weight,, so the 
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greater thickness of the crankcase walls would make them much stiffer in 
bending despite the lower modulus,. thus the vibration of the main areas 
of the walls would be reduced because of the increase in stiffness and 
because of considerable increase in natural frequency, as in the range of 
major interest (above 1000. Hz), the exciting force decreases markedly 
with the increase in frequency(16). The shift towards higher frequencies 
also gives a further advantage in that the ear becomes less sensitive. 
The frequency of plates in bending varies as 
stiffness i_n bending 
mass/unit area 
3=t 
VýEt 
3 
pt p 
where E= Young's modulus 
P= density 
t= thickness of plate. 
For plates of equal weight, magnesium gives a substantial increase in 
natural frequency and in bending stiffness. (6)The second way of their 
achievement of noise reduction was by replacing the crankcase of the 
original cast-iron with skeleton steel construction for housing the 
crankshaft of the engine, and damped composite plates were screwed on the 
skeleton steel construction as covers, retaining water and oil. Jenkins 
et al(20) studied the effect of block modification of a standard 
production V-8 engine. They designed an experimental low-noise engine, in 
which a stiffer block, removal of the bottom part of the crankcase skirt, 
the addition of a single bearing beam and the use of isolated panels and 
damped surfaces were included. They obtained 9 dB noise reduction, most 
of which was attributed to the use of isolated damped non-load carrying 
surfaces. Similar results were reported in reference 21. 
Russell(27) outlined the control of noise emission of engines in Figure 
5. It shows how far the engine noise can be reduced, by applying some 
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damping treatments to the engine surfaces and/or applying some 
modifications to the engine structure. The figure represents comparison 
to noise reduction due to three methods: 
A. Modification to the existing crankcase, water jacket, sump and valve 
gear covers of a conventional 8-litre truck engine, described in 
reference 13. This example shows what can be done with an existing 
engine. 
B. Structural research engine constructed by Priede and Austin while at 
CAV(26). This is an example of a space-frame engine clad with damped 
and isolated covers (redesigned). 
C. An engine enclosed in a close-fitting box thin steel laminate 
isolated from the engine and designed to radiate noise inefficiently 
as shown by Thien. This is an example of what can be achieved by 
carefully designed shielding close to the engine surfaces without 
acoustic absorbent. 
Several years of close collaboration on anti-noise ideas between Contra- 
Noise, Sound Attenuators (SAL) and Professor B Chaplin of Essex 
University(28) resulted recently in a new technique for noise reduction 
in general. The principle of the technique was focused on cancelling the 
noise in box-like ducts where a noise generator always peaks in its 
output just when the noise pressure level (emitted from the noise source) 
is at a trough and vice versa. Chaplin came up with a simple arrangement 
of two microphones, a box of electronics and a loudspeaker. The 
microphone, close to the noisy source, feeds information about the nature 
of the noise to an electronic processor. This is linked to a loudspeaker 
which produces a suitable cancelling waveform travelling into the duct. 
The cancelling signal is then monitored by a second microphone, and the 
loudspeaker output is altered accordingly. A version of this system was 
used to reduce noise from a naval research ship. ' It cut the noise level 
by 14 dB. 
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For diesel engines, Chaplin developed another arrangement in which the 
microphone near the noise source in the ductwork system is replaced by 
electronics which synthesise the anti-noise to be injected into the 
exhaust duct of a diesel engine. A second microphone is used again to 
monitor the cancelling signal and feed it back to the synthesiser which 
changes its output to suit. Sound Attenuators had a prototype working on 
the exhaust of its own itandby diesel engine and 20 dB reduction in noise 
was achieved. Contra-Noise, which holds all Chaplin's patents, succeeded 
in producing a self-contained anti-noise unit, costing around U000, for 
reducing the noise of diesel-powered generators or compressors. They hope 
to produce anti-noise units with even lower cost. The application of this 
te 
* 
chnique to diesel engine propelled vehicles does not look easy yet 
because some of the equipment involved is expensive and too delicate to 
handle. 
2.3 SANDWICH STRUCTURAL DANPING 
Sandwich structural damping has been found to be successful in reducing 
the structural response to exciting forces and thus reducing the noise 
radiated from the vibrating structures. A brief review of previous work 
about this subject will be introduced, with emphasis on constrained 
damping layers as a practical solution to noise reduction in diesel 
engines, and on multi-layer damping sheets and beams. 
Structural damping components usually undergo flexural (bending) 
vibrations due to 
_many 
forms of exciting forces. The analysis of the 
flexural vibrations of a sandwich member is very difficult due to the 
fact that plane sections no longer remain plane. Also in the case of 
unsymmetric sandwich structures, the neutral strain axis will not be 
coincident with the geometric axis. In fact, it will tend to oscillate 
about i t, and thus the bendi ng theory wi 11 have to be reconsidered. The 
first attempts at analysis of the vibration of sandwich plates were made 
by Kerwin(29) and Ross et al(30) who established theoretical analyses on 
flexural vibrations for obtaining the loss factor of three layer sandwich 
plates. They used the classical differential equation of the undamped 
flexural motion of elastic plates, and analysed the problem of composite 
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layer plates by calculating the complex flexural rigidity "stiffness" in 
terms of the dimensions and physical properties of the individual 
laminates. Then they used it instead of the real flexural rigidity in 
the differential equation of the undamped flexural motion of elastic 
plates. Their analysis was restricted by the fact that the loss factor 
and the elastic moduli of the viscoelastic material was considered 
independent of strain amplitude. Also all layer thicknesses were 
considered small relative to the wavelengths of all possible types of 
wave motion, which means that within the audio frequency range, the 
wavelength is expected to be 1.7 cm to 17m. The response of 
symmetrical three layer panels, of the same elastic material for base and 
constraining layers, to harmonic excitation has been analysed by 
Mead(31). He expressed the damping ratio in terms of thickness of all 
layers, the damping properties of viscoelastic materials, Young's modulus 
of elastic layers and the wavelength of flexural vibration. The damping 
ratio, "I" is defined by the actual "viscous" damping coefficient "C" 
divided by the critical damping "Cc" i. e 
C, where C is the damping Cc- 
force per unit velocity and Cc is given as Cc = 2Mwn, where M is the mass 
and wn is the natural frequency of the vibrating system. The system 
vibrates without damping at its natural frequency, i. e. it resonates, 
when 0. With 00<1, a light damping occurs. With J>1 heavy damping 
occurs, or we have an overdamped system. The properties of constrained 
damping layers and the effect of temperature, frequency and the geometry 
of the composite panels have been the subject of experimental work at 
Loughborough University of Technology during the last few years(32-34). 
The vibrational characteristics, natural frequency and the associated 
loss factor of a freely vibrated three layer laminated beam with 
different end conditions was investigated by Di Taranto(35). He derived 
an auxiliary, sixth-order, complex, homogeneous differential equation, 
which accounted for the effect of the viscoelastic layer. He reported 
that the use of this equation in conjunction with the ordinary bending 
equations encountered for homogeneous beams, allows solution of static 
and dynamic bending problems for laminated beams in the same manner as for 
homogeneous beams. The solution of this equation subjected to satisfying 
the boundary conditions, yields the desired natural frequencies and 
composite loss factor. The equation of motion for flexural vibrations of 
multi-layer sandwich beams and a numerical method of solution was 
introduced by Agbasiere and Grootenhuis(36). Two types of composite beam 
(depending on whether the central layer was made of viscoelastic or 
perfectly elastic material) were considered in their analysis. Unlike 
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the earlier analysis, mentioned above, the properties of viscoelastic 
materials were considered to be dependent on strain amplitude. This led 
to more complicated non-linear differential equations for the flexural 
vibrations of these kinds of multi-layer composite beams. 
It is worth noting that the limitation in the use of sandwich type 
damping with a single viscoelastic material is that the optimum damping 
occurs over a narrow range of frequency(36,37), where the loss factor of 
the viscoelasitc material reaches maximum values. It was later shown by 
Nakra and Grootenhuis(38) that the frequency range of optimum damping can 
be broadened considerably by making a four-layer sandwich structure with 
a core consisting of two layers of viscoelastic material with a very 
different value of the shear modulus. On the other hand, the effect of 
introducing a number of layers weak in shear in a composite plate or beam 
subjected to bending moments, and a plane section no longer remains plane 
and bending theory has to be approached anew. The cost, size and area of 
application also have to be considered. 
It is worth mentioning some other designs of structural damping 
treatments such as those suggested by Ruzicka(39). Those designs 
incorporate viscoelastic shear-damping mechanisms as an effective method 
of controlling resonant flexural vibrations of structures. They are 
classified as follows: 
a) Damped structural sheet, which includes two types: viscoelastic- 
damped laminated sheet which is the same as three-layer sandwich 
sheet, and viscoelastic-damped honeycomb sheet which consists of a 
honeycomb core and two viscoelastic laminates constrained on either 
side of the honeycomb skin. 
b) Damped structural beams, where any form of cross-sectional beam can be 
fabricated to be damped by cell-insert separated from longitudinal 
hollow cells by a viscoelastic damping material. 
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c) Strip damper. This consi sts of an i nsert housed by a retainer strip. 
The insert is separated from the retainer strip walls by a layer of 
viscoelastic damping material. 
These designs showed high structural damping(39) especially when they 
were vibrated in an environment within the transition temperature region 
of their viscoelastic materials. The damped structural sheet is useful 
in military applications such as aircraft, missiles and chassles for 
printed circuit and electronic equipment. Comparison of their damping 
with similar un'treated structures is stated by Freakley and Payne(40). 
The other designs such as damped structural beams are also useful in the 
damping of load carrying structures. 
2.4 THEORY OF CONSTRAINED DAMPING LAYERS 
When a viscoelastic layer is constrained between a basic structural layer 
and an elastic constraining layer, as shown in Figure 4, the bending of 
the composite layers produces extensional (bending) strain in all layers 
and shear strain in the middle (viscoelastic) layer. The shear-strain 
energy storage tends to dominate the damping action of the constrained 
damping layers(29,30)0 - 
If the extensional stiffness of the viscoelastic layer is small compared 
to the stiffness of the other two layers, as is often the case in 
practice, then the loss factor of the composite panel is given by(41) 
Tj =-a2 
YX 
P- 
(2.1) 
1+(2+Y)X + (. 1 + Y)(1 + s2)X 2 
where Y= stiffness parameter 
X= shear parameter 
ý2 = loss tangent of viscoelastic layer 
The stiffness parameter is defined by 
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E H3 +EH3 
1--(II) (2.2) y 12 H2 17-1 
+ 'E3R3 
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where El = Young's modulus of the elastic base layer, N/m2 
E3 = Young's modulus of the constraining layer, N/m2 
H, = thickness of the base layer, m 
H3 = thickness of the constraining layer, m 
H31 is given by 
H31 = H2 +2 distance between neutral planes of elastic 
layers, m 
where M2 = thickness of viscoelastic layer, m. 
In equation (2.2); if the two elastic layers have the same modulus of 
elasticity i. e. they are made from the same material, then Y becomes 
purely a geometric parameter. 
The shear parameter, X, is defined as 
2+ (2.3) 
n2H 2EIH1E3H3 
where G2 = real part of complex shear modulus of layer 2 
n=k= wave number, 1 Xm 
X= wavelength of flexural vibration of composite panel, m. 
In Figure 6 the loss factor of a composite panel is plotted against the 
shear parameter X for various values of Y and ý2, 
It can be shown(29) that the square root of the shear parameter X is 
proportional to the ratio of the bending wavelength x to the distance 
within which a'local shear disturbance decays to 1/e of its value; e 
being the base of natural logarithms. Thus the dimensionless shear 
parameter X is a measure of how well the viscoelastic layer couples the 
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flexural motions of the two elastic layers. Ungar(41,42) showed that the 
complex flexural rigidity of the composite panel can be given by 
B* = (B, + B3) (1 + 
X*y ) 
1 +X* 
E H3 1 -1 
where B, = --M = flexural 
E3 H33 
= B3ý -T2- flexural 
rigidity of base layer, Nm 
rigidity of constraining layer, Nm 
x* =x(i + jý2) = complex shear parameter 
ý2 = the loss tangent of viscoelastic material 
(2.4) 
If the shear stiffness of the viscoelastic layer is very small, i. e. P0, 
then B*-ý30 = B, + B3. This means that the flexural rigidity of the 
composite is merely equal to the sum of the rigidities of the base and 
constraining layers, thus the elastic layers act as if they were 
uncoupled. If, on the other hand, X is very large, then B*-), -B. = (B1 + 
B3) (1+y) ; the flexural, rigidity obtained here is found to correspond to 
the presence of a fully shear-rigid coupling between the elastic layers. 
From the foregoing discussion, the stiffness parameter can be expressed 
as: 
B-BB -B 
y- CO o= coupled uncoupled 
13 -, To- 
ancoupled 
This indicates that Y represents the increase in rigidity obtained by 
proceeding from uncoupled to fully coupled elastic layers, as a fraction 
of the uncoupled rigidity. 
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In both cases, when X is very small or very large Figure 6 and equation 
2.1 show that the panel loss factor for a given value of 1ý and Y is 
small. At some intermediate value, X= Xopt where 
I 
xopt (2.5) 
n takes on its maximum value as 
lbax - 
ý2y 
2 
(2.6) 
2+Y+ Xopt 
The dependence of Xopt on Y and 02 is indicated in Figure 7(a), where it 
can be seen that Xopt decreases with Y and a2. Figure 7(b) shows 11max as 
a function of Y with ý2 as a parameter. Note that the optimum obtainable 
loss factor, rinax increases with both (Y) and 02). 
In equation (2.3), the wave number (n), which is defined by n= 2Tr . 1. can 
be related to the frequency of flexural vibration of the composite panel 
(6)) through the wavelength (X). The usual bending relation gives 
1=(X 
)2 =1 (2.7) 
n2 
7-ff 7; 
Ap 
where B= flexural rigidity of composite panel, N. m 
P= mass per unit area of panel, kg/m2 
B depends on X* according to equation (2.4), and on the other hand, n2 
must be known to find X*. A combinati. on of equations (2.7), (2.4) and 
(2.3) in order to obtain an expression for X* from which the variables n2 
and B may be eliminated. This expression will be a cubic in X* and can 
not be readily solved. However, an iteration procedure can be adopted 
using a computer program. 
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From these equations, the importance of the properties of the 
viscoelastic material are apparent. The shear modulus and loss factor of 
this layer plays a very important part in determining the panel loss 
factor. The dimensions are also important, because the deformation of 
the panel ought to make best use of the properties inherent in the 
viscoelastic layer by causing the maximum amount of shear. 
This theory will be adopted in the design of three layer constraining 
panels, as the properties of two viscoelastic materials are obtained 
during the course of this work, and the loss factor of composite panels 
will be computed, determined and plotted against frequency and 
temperature, as will be seen in Chapter 4. 
2.5 DYNAMIC MECHANICAL PROPERTIES OF VISCOELASTIC MATERIALS 
2.5.1 Molecular Nature of Elastomers 
The term "elastomer" covers a wide range of polymeric materials which 
have a high extensibility combined with the ability to recover from 
extension. These properties have been found to be dependent on a certain 
type of molecular structure(34,40,43,44). This structure consists of many 
small repeated units (called monomers) which are linked together in long 
chains. The molecules of an elastomeric material must be very long and be 
able to rotate freely about the bonds joining the neighbouring molecular 
units. It is further necessary that the molecular chains should be 
linked together by occasional crosslinks (either by mechanical 
entanglement or chemical bonds) to form a three-dimensional network. The 
intermolecular attraction must also be small to allow relative slippage 
between molecular chains. The high elasticity of elastomeric materials 
results from the ability to align the normally sinuous molecules under 
applied stress. Assuming that the strain is not sufficient to break the 
bonds between the chains, the molecules resume their original conditions 
and the original shape of the bulk elastomer will be restored, see Figure 
8. This resumption to the original state is due to the fact that the 
material has a maximum entropy in the undeformed state and always tends 
to, return to this state in the absence of external constraints(40). The 
significance of molecular structure on the mechanical properties 
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variation with temperature and frequency and the glass transition 
temperature will be briefly mentioned in Section 2.5.3. 
2.5.2 Dynamic Force-Deformation Properties 
When a stress is applied to a visoelastic (an elastomeric) material, it 
does not take up the degree of strain corresponding to this stress. The 
strain, in fact, lags slightly behind the stress(40,45). This lag can be 
important if the stress is varying rapidly, as for instance when the 
viscoelastic material is used for damping sound and vibration. 
Snowdon(46-48) represented the relationship between stress. and strain of 
a linear viscoelastic material by a partial differential equation, 
showing that the corresponding modulus is a complex quantity expressed as 
a function of frequency. 
For a linear viscoelastic material (which has a stress-strain 
relationship dependent only on time "frequency" and temperature and 
independent of strain amplitude), if the applied stress takes a sine wave 
form, the resultant strain can be presented by a similar sine wave 
displaced in a positive direction along the time scale. Conversely, if 
the applied strain varies sinusoidally, the resultant stress is 
represented by a similar curve displaced in a negative direction on the 
time scale. In a case like this, it can be said that the effective 
stress consists of two components: 
a perfectly elastic component in which no energy is lost and the 
applied stress and the resultant strain vary in-phase with each other 
(curve 1 of Figure 9) 
2. a viscous component in which energy is not stored but dissipated as 
heat and where the strain is 900 behind the stress (curve 2 of Figure 
9). 
The reason why this curve is 900 in advance of the strain curve is that 
viscous resistance depends on the rate of deformation and hence has its 
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maximum positive value when the strain is increasing most rapidly, that 
is when curve 1 crosses the centre line OX upwards. It can be shown that 
the resultant of two such stresses each varying sinusoidally but 900 
apart in phase is likewise a stress varying sinusoidally but displaced 
relative to curve 1 by an angle 6 (curve 3 of Figure 9), where 
I 
A2 
tanS= , J- 
(2.8) 
A2 and A, are the amplitudes of the viscous and elastic stress 
components. The amplitude At of the total stress represented by curve 3 
is 
At = /-A-AýA? (2.9) 
The angle of lag, 6, is called the mechanical loss angle, and tans is the 
loss factor; theterm "loss" is used becausethe existenceof this lag 
causes some of the energy input to be lost by conversion into heat. It 
is convenient to consider the elastic and viscous components as 
corresponding to two separate moduli (40 and 45), so that the effective 
elastic modulus is really ac, omplex modulus (G* in the case of shear) 
consisting of an elastic or in-phase component G1 and a viscous or out- 
of-phase component G". The relationship between these is conveniently 
represented by the vector diagram shown in Figure 10, or by the equation 
G* = G' + jG" = G' (1 +i tan6) (2.10) 
It 
where tan6 _G-0 is the loss factor (or loss tangent) of the Tr - 
viscoelastic material and j /-T , which represents a component 900 out- 
of-phase. 
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A precisely similar equation relates the corresponding Young's moduli 
E* 9 E' and V. It is apparent that Figure 10 is simply a graphical 
representation of equations 2.8 and 2.9 with moduli,, G*, GI and G" 
substituted for the corresponding stress amplitudes, At, A, and A2. 
It can be shown that the Young's modulus and shear modulus are related to 
the spring rates in tension, compression or shear through the geometry of 
corresponding specimens under corresponding stress. Therefore Figure 10 
also can represent the complex spring rate (or stiffness) K* and its in- 
phase component K' and out-of-phase component V. 
2.5.3 Effect of Temperature and Frequency and their Inter-Relation 
When the temperature of viscoelastic materials is incre'ased 'large 
segments of molecular chains can move freely relative to each other in a 
liquid manner, so the material appears softer and the modulus takes lower 
val ues. If on the other hand the temperature is reduced, the thermal 
motions of molecules become slower. Because the deformation of these 
kinds of material depends on these motions, the response to stress 
changes becomes more sluggish. Therefore, the materials appear stiffer 
and thus the modulus increases. At sufficiently low temperature, no 
substantial molecular motion can occur, and the materials behave like 
glass, the deformation will be due to the straining of interatomic bonds. 
This involves high forces and hence results in a very high modulus (40 
and 49). The glass transition temperature is the temperature at which 
these large relative segmental movements (mentioned above) of molecular 
chains start to occur. If the complex modulus G* is analysed into its 
dynamic (or i n-phase), G' and 1 oss (or out-of -phase) G", components, it 
is found that the former (G') behaves like (G*) as is shown in Figure 11 
(curve 1). The loss modulus rises sooner with lowered temperature and 
falls again at very low temperature (curve 2). The loss factor (0) (or 
tan 6) passes through a maximum value, corresponding to the glass 
transition temperature (Tg), (curve 3). It should be noted that Figure 
11 refers to tests at one fixed frequency. On the other hand, if tests 
are conducted at fixed temperature and variable frequency, it has been 
found that the values of G', G" and 6 plotted against log frequency form 
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broadly similar shapes to the corresponding temperature properties curves 
(curves 1-3 in Figure 11) provided frequency is plotted from right to 
left(49). The combination of temperature and frequency effect on dynamic 
mechanical properties of viscoelastic materials was studied by 
Snowdon (47,48). He stated also that increasing the strain rate or 
frequency is equivalent to lowering the temperature and vice versa. This 
is clearly shown in Figure 12, where the variation of dynamic shear 
modulus (G' T) and the loss factor (tan6GJ) with temperature and 
frequency are illustrated in the three dimensional representation. Here 
W 
wt and Tt are known as the transition frequency and transition 
temperature respectively. The equivalent effect of temperature on dynamic 
properties, in terms of frequency, was investigated by Bulgin(50) who 
reported that a 5-100C increase in operating temperature, roughly 
speaking, allows a decade increase in operating frequency. This is in 
agreement with Nielson(51) who pointed out that many common polymers have 
a shift of 70C for a decade change in frequency. 
2.5.4 The Method of Reduced Variables 
One of the greatest difficulties in testing the dynamic mechanical 
properties of viscoelastic materials is the maximum frequency at which 
conventional equipments may be operated. This has limited the collection 
of data to frequencies no higher than 300 Hz and often to as low as 1 Hz. 
Many attempts have been made to relate the dependence on temperature and 
the dependence on frequency of the dynamic modulus and the I oss factor 
possessed by viscoelastic materials and to explain why the frequency 
dependence of the dynamic 
' 
shear modulus Gw,, T , for instance, is large 
when G' w9T 
is strongly temperature dependent and small when G'w, T varies 
only slowly with temperature. 
It has been found possible to predict the relation observed between the 
temperature and the frequency dependence of both the dynamic modulus 
GI 
W'T and 
the loss factor tan6., T 1 
(52-54). In these references the 
stress experienced by a viscoelastic material under deformation was 
assumed to be distributed between a variety of molecular mechanisms, 
31 
these mechanisms are able Ao relax freely in an exponential form. 
Furthermore, the relaxation times were assumed to exhibit the same 
dependence on temperature. (The relaxation times required for the stress 
in each mechanism to relax to 1/e of the initial stress induced by a 
suddenly applied constant strain). If the relaxation times are increased 
by a factor aT when the temperature changes from some reference 
temperature To to a temperature T, then the,, values of the dynamic shear 
modulus and the loss factor at the two temperatures are found to be 
related in the following manner(52,53) 
G' 
w, T 
Tp ) G' 
P- wa T 00 T' 0 
and 
tan6 
w, T ý 
tan6 
wa T' To 
(2.12) 
where 'p is the density of the material at temperaturej, (OK) 
po is the density of the material at temperature T03, (OK) 
It is normally acceptable to approximate the ratio 
1P by the 
T To. P0 temperature ratio YLý. 
0 
If the reference temperature To is a suitably chosen(53,55) the 
dependence of aT on temperature was found to assume a general form for a 
wide range of materials. This general form is given by: 
log aT --8.86 
(T-To) (2.13) 
[101.6 + (T-T 0)1 
When the values of G'., T and tan 6., Tare experimentally determined, it is 
possible to plot master curves that refer to. the standard temperature To 
for the so-called reduced shear modulus G' _T 0 G' and the loss waT, To T- w9T 
factor tan6 
waT sTo 
in terms of the angular reduced frequency waT. The 
32 
suitable value of the reference temperature To is given by (55) 
To = T9 + (50 ± 5) OK (2.14) 
where Tg is the rubber-to-glass transition temperature of the material of 
concern. 
Once such master curves have been constructed, it is likewise possible to 
predict the values of G'w9T and tand w, T over wide 
frequency or 
temperature ranges. It is worth noting that the prediction may become 
less reliable, when the upper and lower limits of the considered 
frequencies and temperatures become further removed from those at which 
the measurements were originally made. 
Generally, it is not possible to determine with a single apparatus the 
val ues of Gw, T and tan 6, T over an extensi ve range of f requenci es. On 
the other hand, it is not difficult to determine these quantities over a 
relatively wide range of temperatures within which the transition 
temperature Tg occurs. The method of reduced variables therefore enables 
the values of G'w, T and tan6 w9T 
to be predicted over a very broad 
frequency range, providing that the experiment in which they are 
determined is conducted at a number of temperatures. This is clearly 
shown in Figure 13 of Freakley and Payne(40), where a family of curves 
for G' from w 9, T 
data obtained within limited frequency range and at 
different temperatures, and if these curves are removed parallel to the 
frequency axis, it can be found that they will all coincide and form a 
single curve of modulus against frequency. 
The data obtained, so far, for various viscoelastic materials over a wide 
range- of frequencies, are produced mainly by the method of reduced 
variables. The object of the work reported in this thesis is to produce 
data over a reasonably wide range of frequencies by experiment because 
direct measurement of properties is preferred on data extrapolated. These 
data will be presented and discussed later in Chapters 4 and 5. 
33 
2.5.5 Factors Controlling the Dynamic Mechanical Properties of 
Viscoelastic Materials 
The factors controlling the dynamic properties of these materials may be 
classified as follows: 
a) Composition of the material . 
b) The manner in which the material is processed 
c) The size, shape and configuration of the material (design) 
d) The manner in which the material is used or tested. 
The importance of these factors is described below. 
Composition Factor 
The major composition factors which control the dynamic properties are 
material (rubber) type, filler type and level, crosslinking level and 
plasticiser type and level. 
Rubber type 
It has been found by Meyer and Slommer(56,57) that all filled, 
crosslinked rubber compositions behave somewhat in a similar manner with 
respect to dynamic properties. More specifically, the type of rubber 
causes the displacement of modulus/frequency (or modulus/temperature) 
curve parallel to the frequency (or temperature) axis(40). The direction 
of this displacement depends on the polarity of rubber. The curve moves 
towards lower frequency or higher temperature as the material becomes 
more polar. A blend of two incompatible compounds may give two glass 
transition regions (two peaks of the loss factor), one corresponds to 
each constituent, or perhaps if these are close together, one very broad 
peak(58). 
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ii) Filler type and level : 
The addition of carbon black to natural rubber increases the dynamic 
shear modulus considerably, also fine carbon black filler increases the 
loss factor*at frequencies well below the transition frequency(48). 
Other researchers(59,60) have stated, however, that the addition of 
carbon black may reduce the loss, factor significantly at frequencies in 
the neighbourhood of transition frequency. The filler level can be used 
to change the magnitude of dynamic modulus and the loss factor of rubbery 
composition without changing the nature of the response to temperature. 
The chahge from 0 to 50 per hundred of HAF black in natural rubber 
compound was carried out by Chubb et al(61). Their results showed some 
increase in damping properties at lower temperatures by increasing the 
filler level. The effect of type and level of carbon black on dynamic 
properties of some kinds of rubber were studied by Sommer and Meyer(57). 
They found that the dynamic properties change more rapidly for small 
particle size HAF black than for large particle size SRF black. 
iii) Crosslinking level: 
Crosslinking and vulcanisation cause a bodily displacement of the modulus 
and loss factor against temperature or frequency curves along the 
temperature or frequency axis. This movement goes towards lower 
frequency or higher temperature with increasing level of 
crosslinking(40). This factor may result in changing the magnitude of 
modulus and/or loss factor. By increasing the level of crosslinking, a 
decrease in loss factor and no change in modulus is observed, when tests 
were conducted at constant frequency and temperature(56,57) . In 
contrast, others(61,62) have found an increase in modulus. Some similar 
variations were stated in reference (63) when dynamic response was 
measured at constant strain and constant stress. These different results 
may be attributed to the difference in test conditions. 
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iv) Pl asti ci ser type and 1 evel : 
A plasticiser or oil can be used in rubber compounds to adjust the 
modulus and loss factor to a certain extent. It can shift the properties 
curves towards higher frequency or lower temperature(40). The effect of 
two types of plasticiser on the shear modulus of polybutadiene styrene- 
butadiene rubber blend was studied in reference (57). It was found that 
an aromatic oil caused a larger change in the shear modulus than a 
paraffinic oil, but the latter caused steady reduction in the modulus in 
comparison with the untreated rubber. 
Processing Factor 
One of several processing variables is mixing. It is one of the most 
important and intangible processes in rubber technology, as stated by 
Boonstra and Medalia(64). In their study, styrene-butadiene rubber-1712 
compounds containing ISAF black were mixed for different times and 
studied for the dispersion of carbon black and its effect on mechanical 
properties of the resulting vulcanizates. Twoyears later, this study 
was extended by Payne(55) to cover the influence of the mixing process on 
dynamic properties using similar compounds. His results showed a decrease 
in the dynamic shear modulus with an increase in mixing time as well as 
with increasing the strain amplitude. Similar observations were pointed 
out in reference (66). Rolling operation of rubber showed decreases in 
the modulus and loss factor of rubber sheets with increasing thenumber of 
passes through the mill(57). 
The other processing factors are curing, moulding and storage. The state 
of cure (time and temperature), the influence of variations in the 
moulding technique (different moulds, moulding temperature) and storage 
time are also important as stated by Sommer and Meyer(57). They found 
that increasing the curing time for SBR compounds has little effect on 
modulus, while it increasesIthe modulus of NR compounds. Similar effects 
on the latter compound were found on polysulphide rubber during the 
course of thi s work as wi 11 be s hown in Chapter 4. The storage ti me f or 
IR compounds al so has 1i ttl e ef f ect on modul us, whi 1eiti ncreases the 
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modulus for IIR compounds(67). 
c) Design Factor 
The design of rubber products affects the dynamic spring rate and damping 
coefficient in a major way. Reference (68) has shown that the dynamic 
stiffness changes in a similar way with shape factor. Others(56) stated 
that the 1 oss factor remains constant in shear and compression for the 
same compound and also remains constant in a simple cylindrical test 
specimen as in a complex rubber pressing if the deformations remain the 
same. This means that the dynamic and loss components of modulus must 
change with shape factor in the same way, if the loss factor is to remain 
constant. 
d) 
1) 
Testing Conditions Factor 
Dractrain affprt- 
The dynamic properties of rubber vulcanizates are affected by the 
previous strain history. Puydak and Auda(68) pointed out that a softer 
rubber compound can relatively produce a higher dynamic spring rate than 
a harder compound when the test is conducted under conditions of equal 
compressive static stress (pre-load). Similar results were obtained in 
reference (57), when the effect of prestrain on these properties, in 
shear and compression, was studied on the same rubber and found that both 
dynamic spring rate and damping coefficient increase with increasing the 
static prestrain. The effect of prestrain on the dynamic Young's modulus 
of neoprene rubber in straight tension to compression was studied by 
Howgate. He found a continuous increase of modulus from-tension into 
compression prestrains. I 
ii) Effect of frequency, temperature and strain amplitude: 
Apart from the prestrain factor, a few more testing factors can af fect 
the dynamic property response of rubber vulcanizates. Among these are 
temperature, frequency and strain amplitude. The frequency and 
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temperature and their inter-relation with respect to the molecular 
structure of material and the equivalent effect of temperature on dynamic 
properties, in terms of frequency, were mentioned in Section 2.5.3. 
The effect of frequency on dynamic shear modulus was investigated by 
Warnaka(70). He noticed a small effect when frequency was varied from 100 
to 2000 Hz. This is in agreement with reference (69), where the frequency 
was varied within the range of 150-1000 Hz, and both dynamic and loss 
components of modulus remained almost the same. - In contrast to this small 
dependency in the higher frequency range, a strong dependency was found at 
lower range i. e. in the range of -a fraction of 1 Hz to about 10 Hz(71,72). 
i 
Considerable strain amplitude dependence of the dynamic moduli of carbon- 
black filled natural rubber vulcanized was reported in reference (73). 
This amplitude dependence does not increase at low temperature. In 
ref erenc e (57), t he sa me ef f ect was f ou nd f or na tural rubber vul can i zate 
(SMR5), but the amplitude dependence does increase at low temperatures. A 
similar effect was reported by Painter(74) for BTR elastomers. Howgate(69) 
found a decrease in the dynamic shear modulus of natural rubber filled with 
40 phr HAF black with strain amplitude. The range of strain amplitude was 
0.002 to 0.4 with low frequency 0.3 Hz and at room temperature. He 
underlined the problems encountered in measuring the dynamic properties of 
elastomers, when he showed different trends of dependency on strain 
amplitude if the experiment is immediately repeated after the first run. 
on the other hand no effect of strain amplitude was found for a number of 
elastomers, especially when the range of strain amplitude is not very 
large(59,70). 
2.6 METHODS OF MEASUREMENT 
The dynam ic prope rt i es of vi scoel as ic ma te ri al s are af f ected by seve ral 
factors, as mentioned in the previous section. The net, result of this 
number, of factors, or parameters, is that the dynamic properties had to be 
determined through testing under conditions reasonably similar to those in 
which the material will actually be used. This has resulted in the 
development of various types of test methods, or test apparatus, each of 
which has advantages and disadvantages. Those methods which are generally 
adopted, recommended, or discussed in literature, references (75-103), may 
be divided, in principle, into three categories: 
Free Vibration Method 
Forced Vibration Resonant Method 
Forced Vibration Non-Resonant Method 
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2.6.1 Free Vibration Method 
In a set-, up of this type, an elastomer/mass system (or an elastomeric 
test specimen) is given an initial deflection and released. The specimen 
executes free vibrations dictated by the mass and dimensions of the 
system. Damping of the viscoelastic material causes the amplitude of 
vibrations to decay exponentially with time. A study of the decay rate 
(logarithmic decrement) together with the dimensional values of the 
specimen system allow the dynamic properties of the material to be 
calculated at the natural frequency and test temperature. The logarithmic 
decrement (A) is defined as the ratio between two successive periodic 
peaks of the damped vibration. It is given by In 
Al 
. where A, and A2 ý2 
are the first and the second cyclic peaks. If the damping is very small, 
it is better to calculate A over several cycles rather than just one, 
thenA will be givenas: A =.! InAl where A is the peak of the nth n Wý* n n 
cycle, and n=1,2,3, The loss factor a is related to A as: 
A 
7r 
The "Yerzly Oscillograph"(77,82) and the "Torsional Pendulum., (79,80,82) 
are two examples of the free vibration method. This method is restricted 
to low frequencies (0.01-100 Hz) references (75,78-81 and 98). 
2.6.2 Forced Vibration Resonant Method 
The natural frequency "foll of a vibrating mass-rubber system is 
determined by the mass dimensions and the viscoelastic properties of the 
system. If force cycles of constant amplitude "Foll and of frequency "fO" 
are applied on that system, then it will resonate with maximum amplitude 
(Ao). Fortunately, in these resonant conditions, mathematical 
complications arising from considerable inertia disappear. The resonant 
frequency for this system is given by(82) 
-z-7r Y- 
39 
and the resonant amplitude of vibration is given by 
Fo 
Ao =V 
where K' and V are the dynamic and loss components of complex stiffness 
K*. M is the mass of the vibrating specimen. K* and G* or E* are 
related, as mentioned before, through the geometry of the specimens. 
An old example of a resonance apparatus is that of Moyal and 
Fletcher(76), in which the force cycles are produced by an electromagnetic 
drive and the deflection amplitude is found by observing the movement of 
a mark on the driving member through a microscope. A decade later, the 
vibrating reed apparatus(83-85) gave another example about this principle 
of testing. This apparatus covers a range of 10-1000 Hz, but it is not 
suitable for high damping elastomers. In 1958, Bruel and Kjaer(91) 
described two simple methods using the forced vibration resonant 
principle. , 
These methods are based on the Oberst Beam technique, in 
which the test system resonance modes can be examined to determine the 
dynamic properties. The first method is "The Frequency Response Method", 
where the spectrum of vibration amplitude against frequency can be used 
to determine the loss factor, and a simple relationship gives the Young's 
modulus. The limitation of this method is that it is only suitable for 
materials of loss factors in the range of 0.001-0.6 approximately. 
In the second one "The Reverberation Method", the damped oscillation can 
be recorded on a logarithmic recorder, from whi ch the loss factor can 
also be found and the dynamic Young's modulus can be calculated. By this 
method, the upper limit of measuring the loss factor is set by the 
measuring in struments, and the lower limit is extremely small. This 
principle was used, discussed, or recommended in references (81-91). 
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2.6.3 Forced Vibration Non-Resonant Method 
There are two forms of forced vibration non-resonant techniques. Those 
which apply sinusoidal deformation cycles and measure the resultant 
force, and those which do the reverse; apply force cycles and measure 
the resultant deformation cycles. These techniques are specified in 
references (82 and 95). 
The RAPRA Sinusoidal -Strain Machine(82,95,98) and the Rotary Power Loss 
Machine(95,99) are two typical examples of the first case mentioned 
above. In the RAPRA apparatus, the test specimen is subjected to a 
continuous sinusoidal wave of deformation by an eccentric mechanism. The 
variable force set up in the specimen under test is transmitted to a 
rigid steel proof ring, the relatively small deformation of this ring is 
detected and amplified via a sensitive transducer. The amplified 
electrical signal is then displayed on an oscilloscope and the amplitude 
of the resulting trace gives the force cycle's amplitude. The 
deformation cycle may be measured via an electro-mechanical mechanism, in 
which the deformation signal passes through another transducer and is 
displayed on the oscilloscope. 
The complex stiffness K* is derived from the ratio of stress to strain 
amplitudes and the relevant modulus can be calculated from it and through 
the geometry of the specimen. 
The loss angle 6 can be found by measuring the relative displacement of 
stress and strain sinewaves displayed on the oscilloscope. Thi s 
apparatus is limited to frequencies of 0.0001 to 30 Hz(95). 
In the Rotary Power Loss Machine, an annulus-shape test piece is attached 
to a metallic core, which is mounted on a free-rotated shaft, and pressed 
by a loaded lever against a driving drum. This drum rotates at constant 
speed and the specimen is compressed between the core and the drum. 
Deflection is measured, by a dial gauge which is attached to the other end 
of the lever. The reaction torque of the driving shaft can be measured. 
The dynamic modulus and the loss factor can then be calculated(82). The 
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range of operating frequency is between 10 and 200 Hz. 
The second group of forced vibration non-resonant methods is those which 
apply force cycles and measure the resultant deflection. 
Transducer Machines are the most suitable for the measuremtnt of dynamic 
properties at high frequency range. The best example of these, perhaps, 
is the method described in reference (94), in which a sinusoidal signal 
is passed from a power amplifier to a vibrating exciter (shaker) through 
a force transducer. The latter detects the signal which is proportional 
to the force. The acceleration of the specimen is picked up by an 
accelerometer, in which it can be integrated twice to give the 
displacement of the specimen. The complex modulus can then be derived 
from the ratio of stress to strain, and the phase angle 6 can be obtained 
by comparing the relative displacement of force and deformation signals 
using an oscilloscope or a phase meter. The range of frequency may 
extend to values of over 1000 Hz. This principle was adopted in the 
present work. 
The Roelig Machine(82,101) is an old type of this group. The applied 
force and the resultant deflection cycles are detected by the image of 
two beams of light. These are reflected simultaneously by two mirrors 
connected to the force and deflection cycles through certain mechanisms, 
forming a force-deformation loop. From this loop, the relevant modulus 
and loss factor can be calculated(82). This method is limited to a 
frequency range of 7-22 Hz. 
One of the recent advanced machines, which uses the principle of the 
forced vibration non-resonant technique, is the Dynamic Mechanical 
Thermal Analyser(103) made by Polymer Laboratories (PL Ltd) in the UK 
and by its sister company PL Inc in the USA. This computerised apparatus 
is capable of measuring dynamic properties over a wide range of 
temperature, but the frequency range is limited to 0.033-99 Hz. 
It is worth noting th&tfor testing the dynamic properties of plastic and 
hard materials above 10000 Hz, the wave propagation method can be used as 
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stated in references (53,81 and 104). In this method, the dynamic 
moduli are calculated from the measured velocity and attenuation of sound 
waves propagating -inside a specimen. 
2.6.4 Comparison of Methods of Measurement 
Each of these methods mentioned above has advantages and limitations. 
Their limitations with respect to frequency ranges at which they can 
operate were stated earlier. Generally speaking, in the free vibration 
method and those mechanically driven machines, described in the forced 
vibration non-resonant method, the operating frequencies are limited to 
lower ranges. 
In the free vibration method, changing the operating frequency is very 
limited, and it is only possible by altering mass of the test specimen. 
Due to the decay of vibration, this method is not suitable for materials 
where their properties are dependent on strain amplitude, and it is also 
not suitable to study the effect of strain amplitude on the dynamic 
properties. With large values of loss factor, this method is 
unsatisfactory as the vibrations die out very quickly and no accurate 
values of both frequency and logarithmic decrement will be achieved. It 
may have the advantage of not requiring sophisticated and expensive 
electrical equipment and also having simplified mathematics. 
The forced vibration resonant method is somewhat inconvenient in 
operation as only one frequency, the resonant frequency, can be achieved 
per experiment. To change the test frequency, it is necessary to change 
the mass of the system. This is a severe shortcoming when attempting to 
investigate properties over a wide frequency range. This method is not 
accurate when the loss factor of the material is very large, as the 
maximum amplitude of vibration will not be clearly defined on the 
frequency response curve. It appears that the only advantage of choosing 
this method is the mathematical simplification. 
The forced vibration non-resonant method has the advantage of being 
applicable to any kind of viscoelastic material with high or low damping 
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properties. It also has the advantage of measuring the properties over a 
wide range of frequencies, especially in those with the transducer 
apparatus, without changing the mass, of specimens. The transducer 
apparatus is limited to relatively small strain amplitudes, while the 
mechanically driven apparatus, such as the RAPRA and Roelig machines can 
operate with higher strain amplitudes, but with limited frequency ranges. 
In principle, the properties evaluation over a wide range of temperature 
is possible, though in practice there may be a limit due to the lack of 
thermal equilibrium. The forced vibration is perhaps the most suitable 
method for operating in environmental chambers. 
These factors along with others, were considered to choose the most 
suitable method of measuring the dynamic mechanical properties of the 
materials tested in this work. The forced vibration non-resonant method 
was chosen. 
The properties of viscoelastic materials obtained by various test methods 
for specified parameters are reported by many authors in the literature, 
references (46,58,74,75,79,84,90,96,105-117). A very brief 
summary of elastic and damping properties (at one frequency and one 
temperature), together with a collection of references, are included in 
reference (118. pp 241-245). Almost all data obtained prior to 1954, when 
the method of reduced variable was finally developed by Williams and 
Ferry(96), are limited to a low frequency range. Most of those data were 
produced over a wide range of temperature but at very small narrow range 
of frequency. After that, data were produced over a wide frequency 
range, but the properties were obtained by superposition at a reference 
temperature, as was pointed out earlier. Generally, properties variation 
with frequency which were produced by experiment, are rare and with low 
and narrow ranges of frequency. 
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CHAPTER 3 
EXPERIMENTAL PROCEDURE 
3.1 INTRODUCTION 
This chapter deals with the design of the test rig, the technique used 
for investigating the dynamic shear properties of viscoelastic materials, 
description of the electrical equipment, calibration of various 
equipments and preparation of specimens. 
The various methods of dynamic properties evaluation outlined in the 
previous chapter were considered with respect to their ability to fulfil 
the original project objectives. It was concluded that the forced 
vibration non-resonant technique is the most appropriate for the 
following reasons: 
i) The capability to assess the dynamic shear properties of 
viscoelastic materials directly over a wide range of frequency (50- 
1500 Hz) 
Convenience of operation within environmental chambers 
Cheapness of construction of the test rig 
iv) Utilization of some electrical equipment available in the 
University 
3.2 DESIGN AND DESCRIPTION OF THE TEST RIG 
The test rig used for dynamic shear properties evaluation was designed 
and built at Loughborough University of Technology. It consists of 
several components, all designed carefully to fulfil the requirements of 
vibrating the test specimens under shear stress, avoiding any kind of 
transverse loading. These components are: 
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The Rig Base 
This accommodates all other components in the required position for 
testing the specimens. The engineering drawing for the rig base is shown 
in Figure 14. 
b) The Specimen Holder Set 
This set consists of the driven member which has a cubic shape, two 
prisms With squared polygonal faces, and two retaining yokes. 
' 
The 
specimen is adhered between the driven member and the prisms as shown in 
Figure 15. The engineering drawing for this set is shown in FigureI6. 
Another design for holding larger specimens is shown in Figure 17. 
c) The Capactitive Trans ducer Holder and the Micrometer Arrangement 
These two components were designed to hold the capacitive transducer in 
its position on the transducer holder and to adjust the air gap between 
the face of the transducer and the driven member. The micrometer 
arrangement is designed to allow the face of the transducer to touch the 
driven member and to be pulled back to the required air gap between them. 
Figures 18 and 19 show engineering drawings of the capacitive tranducer 
holder and the micrometer arrangement respectively. 
d) The Mass Spring System Holder 
This was designed for calibrating the phase angle between the force 
transducer and the capacitive tranducer. An engineering drawing for this 
holder is shown in Figure 16 (A) -4 
The layout of the rig components on the base plate is shown in Figure 20, 
where the driven member is held in its equilibrium position between the 
retaining yokes by two laminates of viscoelastic material under test. It 
is connected rigidly to the force transducer from one side facing the 
capacitive transducer from the opposite side with an air gap between 
them. This format constitutes a double shear rubber/mass system as 
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illustrated in Figure 15. The force transducer is located firmly between 
the driven member and the shaker which can also be adjusted and mounted 
rigidly to the base plate via its holder. 
The capacitive transducer is rigidly mounted on its holder which in turn 
can be mounted firmly to the rig base, after adjusting the air gap 
between the face of the transducer and the driven member, via the 
micrometer arrangement. 
The materials adopted for the test rig components were chosen for their 
non-ferromagnetic properties thereby eliminating the chance of 
interference by stray magnetic flux. Brass was chosen for all rig 
components, apart from the base plate which was made from Addar brand 
tufnol. 
The base plate has been designed and machined to provide the following 
requirements: 
Sustaining high temperature as tests have been carried out over a 
range of different temperatures 
ii) Good alignment between the transducers and the driven member along 
the centre line of the specimen 
iii) Adjustable mounting for both the capacitive transducer and the 
shaker together with the force transducer 
iv) Perfect location for the retaining yokes holding the specimen and 
adjustable mounting for the mass spring system holder for 
calibration purposes 
v) Low conductivity for isolating the rig components. 
The overall dimensions- were controlled largely by the maximum desirable 
size of the rubber/mass system. Here the dimensions had to be kept small 
to promote good response at high frequencies(98), therefore, the driving 
---- - -I 
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shaker was chosen to be capable of vibrating the test specimens up to a 
value of 4% strain amplitude over most of the operating frequency range. 
Too small a specimen size was considered undesirable, however these may 
be rendered uncharacteristic of a bulk material through the relatively 
large size of any entrapped air bubbles and inhomogeneity of the rubber 
mix. The thickness ratio of the specimen laminates to their surface area 
was dictated by BS 903(95), to avoid significant bending; the side of 
thetest laminate was at least fourtimes the thickness. This ensured 
that the deformation was essentially simple shear of the calculated 
magnitude and that the apparent shear modulus differed by less than 3% 
from the true value. 
3.3 ELECTRICAL EQUIPMENTS 
The test rig operated in conjunction with several pieces of electronic 
equipment. A schematic wiring diagram is shown in Figure 21. The 
individual units were interconnected to fulfil the following functions: 
i) Amplification of the signal from the capacitive transducer to a 
level at which it can be detected and measured 
Amplification of the signal from the force transducer for the same 
purpose 
Comparison of the input and output signals providing raw data for 
property evaluation. 
Details of the electronic equipment are given below. 
a) Force Transducer 
The force transducer used was Bruel and Kjaer type 8200. It is designed 
to measure force even under very severe environmental conditions. The 
sensitive element of the transducer was made of quartz to give a very low 
sensitivity to temperature changes. 
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b) Vibration Exciter (Shaker) 
The Derritron type VP2 shaker operates at a frequency range of 5-20,00OHz 
with maximum stroke of 5 mm and can be used at temperatures up to 1000C. 
c) Sine Generator 
The LOS sine generator type TPO-20 used provides variable amplitude 
sinusoidal signals to drive the shaker with infinitely variable frequency 
range of 1.5-25,000 Hz. 
d) Conditioning Amplifier 
This amplifier is the Bruel and Kjaer type 2626. 'It is a low noise 
charge amplifier for use with most kinds of Bruel and Kjaer transducers, 
and equipped with precision conditioning networks for three digit dial-in 
of exact transducer charge sensitivities ranging from 1 to 1100 
pc/measurement units (in case of the force transducer this measurement 
unit is Newton). These condition the overall sensitivity of the 
transducer and amplifier combination giving unified output rating from 
0.001-10 V/N which may be selected in decade steps. Accuracy is between 
0.5 and 1%. This feature greatly simplifies the calibration reading 
measuring system. 
e) Capacitive Transducer and Preamplifier 
The capacitive transducer is a contact free displacement sensitive pick- 
up, Bruel and Kjaer model MM0004. The only physical contact is through a 
fine wire filament between its body and the driven member. It is used 
with preamplifier type 2619 which receives the signal from the capscitive 
transducer and amplifies it to a level suitable to be fed into the 
measuring amplifier. Its small size enables it to be placed close to the 
transducer, thereby reducing the risk of interference through long lead 
length. 
f) Measuring'Amplifier 
The measuring amplifier used was a Bruel and Kjaer týpe 2603. It 
provided the necessary polarisation voltage required by the capacitive 
transducer and amplified the response signal to a level at which it can 
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be easily analysed. Its internal voltmeter gives a representative value 
of displacement amplitude of the driven member to be measured. 
g) Phase Meter and Oscilloscope 
The phase. meter used was the Bruel and Kjaer type 2971. It is used for 
comparing the input signal (force) with the output signal (displacement), 
and measures the phase angle between the two signals digitally in degrees 
(with precision of 1 degree) or radians (with precision of 0.01 
radian). The meter is capable of measuring the phase shift between input 
and output signals vibrating between 2 Hz and 200 kHz with high noise 
immunity. A pair of switches can be used to limit the frequency range of 
the instrument. The upper frequency limit can be reduced to 20 kHz or 2 
kHz to remove high frequency noise, while the lower limit can be raised 
to 20 Hz, thus reducing the instrument's integration time which gives a 
faster response to changes in phase. The oscilloscope was used for 
monitoring the two signals and roughly comparing them. 
h) Measured Voltage 
A digital voltmeter was added to the circuit between the measuring 
amplifier and the oscilloscope. The digital read out was found to be 
more accurate and more easily recognized than that of the measuring 
amplifier voltmeter. Care was taken to note any changes in the settings 
of the measuring amplifier attenuators; the digital voltmeter reading 
must always be multiplied by the voltage factor to which the attenuators 
are set. 
Another digital voltmeter was used to measure the input signal taken from 
the conditioning amplifier. Care must also be taken to multiply the 
voltage factor to which the conditioning amplifier is set. 
J) Comparison of Input and Output Signals 
Comparison between the input and output signals was made by feeding the 
two signals into the dual-beam oscilloscope and the phase meters. The 
response signal was derived directly from the measuring amplifier after 
passing through a heterodyne slave filter, Bruel and Kjaer type 2020. 
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The input signal was derived from the conditioning amplifier. The 
difference between the two signals was taken directly from the digital 
phase meter. 
3.4 THE ENVIRONMENTAL CABINET 
The specimens were tested over a range of temperature between -40 and 
1000C. The specimen was mounted on the test rig. The rig was located in 
an environmental cabinet. It is made by Fisons Environmental Equipment, 
type 730 E/MU/R40 IND(D). The cabinet is well insulated. The heating 
elements and the cooling system of the cabinet are associated with a 
temperature controller. This controls the temperature inside the cabinet 
within 0.10C accuracy. The temperature is displayed on a digital 
indicator. 
Although the cabinet has the facility to control the humidity, more care 
was taken to avoid ice formation on the test specimens, when tests were 
carried out at temperatures below freezing point. Silica gel was used to 
absorb any possible humid atmosphere surrounding the test specimens. The 
ice formation causes wrong values of the measured shear force especially 
at the beginning of testing. 
3.5 CALIBRATION PROCEDURE 
The force transducer and the capacitive transducer are described as 
qualitative devices. Both transducers ought to be calibrated in order to 
interpret their voltage response into absolute values of force and 
displacement. The phase shift between the force and displacement also has 
to be calibrated as the design principle of the force transducer is 
different to that of the capacitive transducer. 
3.5.1 Calibration of the Force Transducer 
The force values were obtained directly by multiplying the input 
voltmeter readings by a factor dependent on the charge sensitivity of the 
force transducer and on the sensitivity and frequency of the conditioning 
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amplifier settings. In most cases, ihese settings were arranged to give 
the readings of the input voltmeter directly in Newtons. No calibration 
is necessary because of the extremely stable characteristics of the 
transducer over a long time and a wide range of temperatures, below 
2000C. 
3.5.2 Calibration of the Capacitive Transducer 
The validity of calibrating the capacitive transducer is in fact very 
dependent on the consistency of the spacing between the transducer and 
the driven member. It was first necessary to fix the transducer to a 
known air gap. Many attempts were made to measure the air gap. It was 
found that a micrometer arrangement which governs the movement of the 
transducer holder was the best. The reason was that the transducer could 
be moved inward until it touched the driven member and then pulled 
backward to the required air gap setting. 
The deflection of the driven member was measured by an optical method as 
f ol 1 ows: the test rig was illuminated such that a portion of the driven 
member could be observed through a micrometer eyepiece fitted to a 
travel ling microscope. The eyepiece/microscope combination was 
standardised to give a resolution of 0.00175 mm per division on the 
micrometer finger screw. The micrometer was then tracked over the front 
face of the driven member until a fine bright dot was found. Altering 
the position of the spotlight helped in developing the clarity and size 
of the bright spots. When alternating current was passed through the 
force transducer, thereby causing the driven member to oscillate, the 
spot of light transformed into a bright horizontal bar, its length minus 
the width of the spot being equal to twice the amplitude of oscillation. 
This amplitude of oscillation detected by the pick-up transducer was 
converted by the measuring amplifier to a large voltage reading. Values 
of the voltage reading of the measuring amplifier were plotted for 
various displacement amplitudes as shown in Figure 22. 
Clearly the above equipment gives more accurate results if the driven 
member can be oscillated at large amplitudes. This was achieved in 
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practice by vibrating the driven member using a flexible spring attached 
to it as shown in Figure 23. 
3.5.3 Calibration of the Phase Angle 
It appears that an inherent phase shift between the force transducer and 
the pick-up transducer occurs. This pahse shift was detected when tests 
on mass-rubber systems were conducted at low frequencies (nearly at 
static loading), and the value of this shift was estimated around 1800C. 
Also the same shift was detected at higher frequencies, as the phase 
meter readings were increasing with frequency. 
It was decided to vibrate an elastic system (non-damping system) with the 
same conditions applied to the real system (mass-rubber system). The 
mass spring system is illustrated in Figure 23. Many calibration tests 
were carried out. All the results obtained consistently indicated that 
there was an inherent phase shift of 1770 under any condition of 
frequency, temperature and strain amplitude. 
The true values of phase angle (ý) between the resultant measured force 
and displacement is obtained simply by subtracting the inherent shift 
(1770) from the reading of the phase meter when tests were carried out on 
the real specimen. 
3.6 PREPARATION OF SPECINENS 
Two types of viscoelastic material were tested: polysulphide rubber and 
ethylene propylene rubber. 
3.6.1 Preparation of Polysulphide Rubber Specimens 
The polysulphide rubber was supplied by Berger Elastomers. It consisted 
of - two separate parts: the base part cal led PR 1422 B2, and its 
accelerator. These two parts were mixed together according to the- 
manufacturers' instructions, that is, the surfaces of the driven member-, 
and specimens holders were cleaned carefully with acetone to dissolve any 
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oil, wax or any other surface contaminants. The mixing procedure was as 
follows: 
1. Thoroughly stir the base compound (PR 1422 B2) in its container until 
an even consistency is obtained 
2. Slowly stir the accelerator in its container 
3. The ratio of the base compound to the accelerator must be 7.5: 1. 
4. Slowly stir the accelerator into the base compound and mix thoroughly 
until the colour is even. 
Care was taken to avoid the inclusion of air bubbles during mixing. The 
mixed compound is highly thixotropic paste having excellent adhesion to 
metal s. 
The specimens were prepared by putting the mixed compound between the 
driven member and the specimen holders in a three piece mould joint 
together with two bolts as shown in Figure 24. Pushing the two holders 
towards the driven member allows the mixed compound to be squeezed to the, 
required thickness. The specimens were left to cure in a dry place at 
room temperature for at least 72 hours. 
The specimens were divided into two groups, the first group of specimens 
cured for one week, and the second group cured for nine months prior to 
testing. Tests have been carried out on both groups of specimens in 
order to examine any change in the dynamic shear properties for this 
material when it was stored properly at room temperature and in a dry 
environment. In other words, to assess the in-service change in damping 
properties. 
3.6.2 Preparation of Ethylene Propylene Rubber Specimens 
The ethylene propylene rubber was supplied by RAPRA. It was available in 
a laminated form ready for use. The required size of this rubber was cut 
and fixed to the holders and the driven member. Several sorts of 
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adhesives were tried, but it was proved that the Loctite Superglue was 
the best for temperatures over 1000C. 
3.7 SPECIAL PROCEDURE 
Certain aspects of experiments required special procedures to avoid side 
effects and to obtain better results. These procedures were as follows: 
a) The air gap between the pick up transducer and the driven member was 
kept constant for all the tests. This air gap was 0.635 mm (I in). 
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b) The specimen holders were mounted firmly to the rig base (via the two 
yokes) after reaching the required temperature. That was to 
eliminate the thermal expansion effect of the specimen holders which 
might cause transverse compression loading along the thickness of the 
specimens. 
C) No results were measured until the temperature in the environmental 
chamber had been allowed to stabilise throughout the specimen. A 
warm-up time of one hour was enough before the experiment was due to 
begin. Also 10 minutes was enough between two successive readings. 
d) All experiments were carried out at constant strain amplitude of 
1.4%. It is worth mentioning that the effect of strain amplitude was 
examined carefully. It was found that there was no significant 
effect of strain amplitude on the dynamic shear properties for both 
materi'al's tested in the current work. 
3.8 INITIAL ATTENPTS TO NEASURING THE DYNANIC SHEAR PROPERTIES 
In the early stages of this investigation', the same principle mentioned 
earlier in -this chapter was followed to measure the dynamic shear 
properties of polysulphide rubber. The only difference was that an 
electromagnetic transducer was used instead of using the shaker and the 
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force transducer described previously. It was meant to be used as a 
contact-free vibration exciter and force transducer at the same time. 
This electromagnetic transducer was a Bruel and Kjaer type MM0002. It is 
associated with some other electrical equipment such as a sine generator, 
a power amplifier and a step-up transformer. These equipments were 
operating together to drive the electromagnetic transducer to its full 
potential, causing the driven member to vibrate at the frequency 
monitored by the sine generator. A wiring diagram is shown in Figure 25. 
The drivenmember here was made from mild steel which is sensitive to 
magnetic forces. The current applied on the electromagnetic transducer 
was measured by an ammeter. The electromagnetic transducer was mounted on 
the rig base in the same manner mentioned previously for mounting the 
capacitive transducer. The displacement was detected in the same way as 
mentioned earlier. There was no phase meter available. The force and 
displacement signals were displayed on an oscilloscope. Photographs were 
taken of both signals to measuring the phase shift between them. 
The observations of the early attempts are as follows: 
Initially it appeared that the electromagnetic transducer proved to 
be successful in vibrating the specimen within a limited frequency 
range from 20 to/400 Hz. The disadvantage was that the amplitude of 
oscillations were limited to very small values of magnitude (less 
than 0.3%) compared with 1.4% and the electromagnetic transducer was 
very difficult to calibrate as will be explained later. 
2. The capacitive transducer was successfully calibrated as described 
earlier in this chapter. 
3. The method of measuring the phase shift between the force and the 
displacement signals proved to be unsuccessful. The error exceeded 
30%. 
4. In the light of the initial observations, promising results had been 
expected, therefore a considerable time was spent on calibrating the 
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electromagnetic transducer. Four methods were tried to establish a 
relationship between the current passing through the transducer and 
the resultant force applied on the test specimens. Unfortunately all 
these methods failed, although there was clear evidence that the 
resultant force was increasing with increasing the current and the 
resultant deflection on the specimen was almost proportional to the 
electromagnetic transducer current. It is unhelpful to describe all 
the methods of calibration tried at this stage, but it might be worth 
mentioning the calibration principle used for most of them. Because 
the force amplitude was very difficult to assess dynamically, a 
static determination was tried in which a direct current was passed 
through the transducer and the resultant deflection on a mass-spring 
system was measured. The mass-spring system was subjected to a 
variable weight which caused the same deflection as resulted from 
passing the direct current. Finally by combining the results of these 
two tests, one might establish the sought relationship between the 
transducer current and the resultant force. It was proved that the 
calibration results were unreliable. Therefore it must be emphasised 
that the technique and equipments described prior to this section 
were used for measuring the dynamic shear properties of polysulphide 
rubber and ethylene propylene rubber. Their results are fully 
reported in the next chapter. 
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CHAPTER 4 
RESULTS 
The following section dealt with the measurement and calculation of 
damping mechanical properties of polysulphide rubber and ethylene 
propylene rubber. These include the complex, dynamic and loss shear 
moduli and the loss tangent. The obtained data are tabulated and 
presented graphically over a frequency range of 50-1500 Hz and a 
temperature range of -40 to 1000C. 
Also the loss factor of three layer constrained damping panels are 
presented graphically, showing the effect of all parameters involved. 
4.1 STATISTICAL ANALYSIS OF EXPERIMENTAL RESULTS 
The purpose of applying statistical analysis to the experimental data 
obtained is to determine more accurate figures for the calculated mean 
(average) of every individual parameter and to find out the confidence 
limits for their distribution. 
Six samples for every individual condition were taken into account, i. e. 
six samples were tested for each series of experiments, therefore the t- 
test was chosen for this statistical analysis since the number of samples 
used for each set is less than thirty(119). 
To carry out the significance test on these samples, the estimated 
average or the arithmetical mean "R" and the standard deviation "s" must 
be estimated first. The population mean is conventionally denoted by 
and a sample estimate of it by"71I. The estimated average x can be 
calculated from the formula: 
xi 
1,2,3, 
where xi = the sample value of the ith test 
n= number of samples 
58 
The standard deviation is a measure of variability, it is conveniently 
denoted by "cr" and it is estimated by "s". The estimated standard 
deviation is defined by the following formula: 
n-2 
I (x i -X) 
s 
n-I 
1,2,3, ... n (4.2) 
The standard deviation of a sampling distribution is usually known as the 
standard error of that particular sample, since it emphasises the fact 
that it enables us to assess the extent to which the sample estimate is 
likely to be in error. 
The standard error "SE" of the t-distribution varies with the sample size 
"n". It can be def i ned by: 
SE s (4.3) 
rn 
The -most important factor in the t-distribution- is discovering if the 
value of t is significant at a chosen significance level, or calculating 
confidence limits for a population mean. 
The population mean "p" in the t-distribution is calculated from the 
formula: 
11 =7± ta SE 
or S (4.4) 
Yrn- 
where Yx the estimated population mean 
SE the estimated standard error 
n the sample size 
ta can be found in the student t-distribution tables. 
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It is important to point out-, that the value of t. is dependent on the 
degree of freedom "n-i" as indicated in the t-distribution table. 
However the only available values of ta are: t-1001 t. 050, t. 025, t. 010 
and t. 005. These values allow the population mean "p" to be estimated 
within a limited range with confidence of: 80,90,95,98 and 99%. 
Thus equation (4.4) will be applicable with a degree of confidence. 
It is useful to express the amount of variation in experimental results 
in a proportional form or percentage. This can be done by using the 
coefficient of variation "N? " which is expressed as: 
100)% (4.5) 
where s= the estimated standard deviation 
and -x = the estimated mean. 
The coefficient of variation 
, 
is particularly useful if one wishes to 
compare the amount of variation in different properties as is the case in 
this work. 
Example of using the Statistical Analysis on the Experimental Results 
In this work, equations (4.1), (4.2) and (4.5) are used to calculate the 
estimated average (mean), standard deviation and coefficient of 
variation. Also equation (4.4) is used to determine the degree of 
confidence in these estimated averages. 
The following example explains how these parameters' are calculated for 
the complex shear modulus of polysulphide rubber measured at T= OOC and 
frequency f= 500 Hz. There are six samples (observations) for G* at 
that particular point. These are: 8.044,7.587,7.456,7.285,8.223 and 
7.484 N/mm2. From equation (4.1),, the estimated mean of complex shear 
modulus G* is: 
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-g* = 
8.044 + 7.587 + 7.456 + 7.285 + 8.223 + 7.484 
= 7.680 N/MM2 
The standard deviation of G* is 
s =F 
/(8.044-7.680Y + (7.587-7.680)2+ ... + (7.484-7.680)2 5 
0.369 N/MM2 
The coefficient of variation is: 
0.369 x 100% 7.680 
= 4.81% 
The population mean is given by equation (4.4) as 
2 x 
a v'n-- 
With 95% confidence, t. is considered then as: tý "ý t. 025 and from Table 
III reference (119) with n-1 = 6-1 = 5, t. 025 = 2.571. 
Substituting that in equation (4.4) we have: 
7.680 ± 2.571 0.369 
yr6' 
p=7 . 680 ± 0.387 N/MM2 
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Thus with this degree of confidence the population mean of complex shear 
modulus lies between 7.293 and 8.067 N/mm2 for this particular point. 
It is unnecessary to include the data and results for every individual 
specimen tested. Therefore mean value, standard deviation, error of the 
mean and the coefficient of variation are presented for every set of 
results in the tables. Where deemed appropriate, the error bar of the 
results is presented graphically. 
4.2 CALCULATIONS OF DYNAMIC SHEAR PROPERTIES ' 
The mechanical arrangement of the vibrating specimen shown in Figure 26 
can be represented by a single degree of freedom system with vi1scous 
damping excited by a harmonic force F= Fosinwt as shown in Figure 27. 
The differential equation of motion of the system is found from the free- 
body diagram to be 
+ Cý + Kx Fo sin wt (4.6) 
where w is 
t- iS 
mis 
CiS 
Kis 
xiS 
the 
the 
the 
the 
the 
the 
angular frequency 
time 
vibrating mass 
damping coefficient 
stiffness (spring rate) 
displacement. 
The solution to this equation consists of two parts: the complementary 
function, which is the solution of the homogeneous equation, and the 
particular integral. The complementary function, in this case, is a 
damped free vibration i. e. it is the solution of equation (4.6) when its 
right hand side is zero. 
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The particular integral (solution) to the above equation is a steady- 
state vibration of the same frequency w as of the excitation* force. The 
particular solution can be assumed to be of the form 
sin (wt-fl (4.7) 
where X is the amplitude of vibration 
ý is the phase of displacement with respect to the exciting force. 
The amplitude and phase in the above equation are found by substituting 
equation (4.7) into the differential equation (4.6), remembering that in 
harmonic motions the phases of velocity and acceleration are ahead of 
displacement by 900 and 1800 respectively. Considering the vibrator as 
the reference motion, the terms of the differential equation can also be 
displayed by the vector diagram shown in Figure 28. This diagram 
indicates that the force amplitude Fo, which is measured by the force 
transducer, is in fact the resultant of three components. The first is an 
elastic component (in-phase with the displacement), the second is a 
viscoelastic component (900 out-of-phase with the displacement), and the 
third one is due to the vibrating mass opposing the motion (the inertia 
component). This can be represented by the following formula: 
Fo = KX + CwX + Mw2X (4.8) 
The shear force applied on the specimen is, in fact, the resultant of the 
first and the second components mentioned above: 
FS = KX + CwX (4.9) 
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We now seek to determine the shear force Fs and the phase shift6 between 
this force and the displacement X. 
Referring to Figure 28 and considering the triangle of the sides FS9, Mw2X 
and Fo, we have 
F2 = F2 + (Mw2X)2 -2 Fo (Mw2X) cose s0 
00. 
F2 WX + (Mw2X)2 +2 Fo (Mw2X) cosý]i s0 
or 
Fs ={F 
2+ 
[(27rf)2MX]2 +2 Fo (2ýf)2 MX cose}i (4.10) 
The complex shear modulus is defined as: 
* 
= 
1* 
where T* 
is the total shear stress 
and Y* is the total shear strain 
The shear stress is defined as: 
(4.11) 
F 
s (4.12) 
A' 
where FS is the shear force 
and A is the area under shear 
With reference to Figure 15: 
A= 2ab (4.13) 
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and 
x (4.14) 
t 
where a, b and t are the length, width and thickness of the shear 
specimen and X is the amplitude of vibration (the maximum deflection of 
the shear specimen). 
From equations (4.11-4.14) the complex shear modulus can be written as: 
Fst 
2abX 
Substituting equation (4.10) into the above equation we find: 
F2 + [(Zpmf)2MX]2 G* t+ 2FO(2wf)2MX cosýjj (4.15) 2ab-X 0 
It can be seen that every term is defined in the above equation where: 
Fo is obtained from the measured voltage of the input voltmeter together 
with the setting of the conditioning amplifier. They were both calibrated 
to give a resolution of 1 Newton per volt. So the input voltmeter 
readings were always considered in Newtons. 
x is the amplitude of vibration which is obtained from the readings of 
the output voltmeter and from the capacitive transducer calibration 
constant. 
f is the frequency of vibration and is measured by the sine'generator 
is measured by the phase meter 
M is the effective mass of the force transducer plus the mass of 
vibrating parts on the specimen side. 
The phase angle 6 can be determined from the same triangle mentioned 
earlier in Figure 28 as: 
F0FSFS 
Sins Sine Siný 
65 
Thus' sinS = 
10 
siO 
F 
s 
or sin-1 ('-2. sinfl' (4.16) 
F 
s 
The loss tangent $ of the viscoelastic material, then is defined as: 
0= tan 6 (4.17) 
The dynamic shear modulus G' is given as shown in Figure 10 by: 
G* cos 61 
The loss shear modulus is given by: 
G* sin6 (4.19) 
Measurements from the input voltmeter (Vin), the output voltmeter (Vout) 
and the phase meter (0) were recorded and using the calibration 
constants, the complex shear modulus (G*) and its dynamic (G) and loss 
(GII) components were calculated from equations (4.15), (4.18) and (4.19) 
respectively. The loss tangent (factor) was also calculated from equation 
(4.17). 
4.3 EXPERIMENTAL RESULTS OF POLYSULPHIDE RUBBER` 
The results obtained from this investigation are presented in the 
following sections according to the difference in curing times prior to 
testing. 
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4.3.1 Polysulphide Rubber Cured for One Week 
The voltage of the input voltmeter was measured to determine the 
amplitude of the exciting force Fo and the voltage of the output 
voltmeter was also measured to determine the resultant deflection X on 
the specimen. Equation (4.15) was used together with the calibration 
constants of the input and the output voltmeters to calculate the complex 
shear modulus. The phase angle ý between the exciting force Fo and the 
displacement X was measured. The loss tangent ý, the dynamic component G' 
and the viscous component G" of the shear modulus G* were calculated as 
indicated earlier in this chapter. These properties are listed against 
frequency in Tables 1-5 at temperatures of 20,40,60,70 and 1000C 
respectively. 
The dynamic shear properties of this material are plotted graphically in 
an isometric projection form, illustrating the effect of frequency and 
temperature at the same time. The dependence of complex shear modulus 
(G*), 
_ 
its dynamic (G') and loss (G") components on temperature and 
frequency are presented in Figures 29-31 respectively. The dependence of 
loss tangent (ý) on temperature and frequency is also presented in Figure 
32. 
4.3.2 Polysulphide Rubber Cured for Nine Nonths 
In order to assess the time effect on the stability of the mechanical 
properties of polysulphide rubber, tests were carried out on a number of 
specimens cured at room temperature for nine months. The dynamic shear 
properties of these specimens were measured and calculated as mentioned 
in Section 4.3.1. The obtained results represent data for complex shear 
modulus G*, its dynamic component G' and viscous component G" and the 
loss tangent 0. These data are produced over a range of frequencies 
between 50 and 1500 Hz and over a range of temperatures between -40 and 
1000C. This,, relatively wide range of temperature, is useful in providing 
data covering: low, moderate and high temperatures, which may be 
suitable in some applications for damping noise and vibrations in 
different environments. 
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Data produced at sub-zero temperatures were utilised in the method of 
reduced variables as will be seen later. 
The dynamic shear properties obtained for polysulphide rubber in this 
case are listed against frequency in Tables 6-13 at temperatures of -40, 
-20,0,20,40,60,80 and 1000C respectively. 
The results shown in the above tables are plotted against temperature and 
frequency in a compact three-dimensional form. The dependence of complex 
shear modulus (G*), its dynamic (G') and loss (G") components on 
temperature and frequency are presented in Figures 33-35 respectively. 
The dependence of loss tangent (a) on frequency and temperature is also 
presented in Figure 36. 
it can be seen that the meshed surfaces, illustrated in the above 
figures, represent the dynamic shear properties of this material. Due to 
the inconvenience of introducing the error bars on these figures, it was 
decided to introduce them on a two-dimensional graph to show how the 
experimental values of one of the properties, for example, are likely to 
be in error. The complex shear modulus variations with frequency at a 
temperature of -400C was chosen, partly because the percentage error or 
the coefficient of variation seems to be higher at this particular 
temperature, and partly to show the relatively high fluctuation with 
frequency for this modulus. This is illustrated in Figure 37. 
Dynamic shear modulus data, measured at temperatures of -40, -20,0,20, 
40 and 600C and frequency range of 100-500 Hz, were utilised to construct 
values of this modulus over a very wide range of frequency using the 
principle of reduced variables. ' The dynamic shear modulus (G") reduced r 
to OOC was plotted against frequency. The experimental values of dynamic 
shear modulus (Gm), measured at OOC and frequency range of 50-1500 Hz, 
are also plotted on the same graph. This is shown in Figure 38. 
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4.4 EXPERIMENTAL RESULTS OF ETHYLENE PROPYLENE RUBBER 
The same conditions applied to the polysulphide rubber and mentioned in 
Section 4.3.2 are applied on obtaining the dynamic shear properties for 
ethylene propylene rubber. 
The complex, dynamic and loss shear moduli and the loss tangent were 
obtained as indicated in Section 4.3. The results are listed against 
frequency in Tables 14-21 at temperatures of -40, -20,0,20,40,60,80 
and 1000C respectively. -I-- 
These experimental results, shown-in the above tables, are plotted 
against temperature and frequency in isometrical projection form. The 
dependence of complex shear modulus (G*), dynamic shear modulus (G'), 
I oss shear, modul us (G") and 1 oss -tangent- (a) on temperature and f requency 
are presented in Figures 39-42 respectively. 
The experimental values of complex shear modulus are plotted against 
frequency in Figure 43 showing the error bars. The figure is introduced 
due to the inconvenience of presenting these bars. on the meshed surfaces 
shown in Figures 39-42, as stated in the previous section. 
The values of dynamic shear modulus (G"), reduced to a reference r 
temperature of OOC, are plotted over a very wide range of frequency. 
This was done by utilizing experimental data, conducted at different 
temperatures as stated in Section 4.3.2. The measured values of this 
modulus (4); -taken at the reference temperature,,. along with data 
produced by the method of reduced variables, are simultaneously plotted 
on the same graph as illustrated in Figure 44., 
4.5 THE DAMPING OF THREE LAYER COMPOSITE PANELS 
The theory of constrained damping layers was used to examine the effect 
of viscoelastic layer thickness on the loss factor of three layer 
symmetrical panels. The most convenient thickness (which provides the 
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best possible damping) was chosen and used on different kinds of panels 
constructed from different materials. 
The thickness of base layer (Hj) was kept constant, while the thickness 
of the constrained layer (H3) was varied. The loss factor of these 
panels was calculated and plotted against H3 to determine the optimum 
value of, H3- Therefore, the optimum design of these panels could be 
determined. 
The loss factor for some selected panels was calculated and plotted 
against damping frequency and temperature using the experimental data 
obtained previously. Comparison between panels was also reported. This 
work is introduced in detail in the following sections. 
4.5.1 The Effect of Viscoelastic Layer Thickness on the Damping 
Properties of Three Layer Symmetrical Panels , 
Many groups of symmetrical panels were taken and classified according to 
the material of construction and the thickness of both base and 
constraining layers. These groups of panels are described in Tables 22- 
24. Each group consists of three or four panels where the thickness of 
base and constraining layers are equal i. e. H, = H3. All panels have 01? 3 
same viscoelastic material. This thickness of viscoelastic layer H2 was, 
varied. 
The theory of constrained layer damping was applied to calculate the 
effect of viscoelastic layer -thickness on the panel loss factor. 
Constant temperature -and, frequency conditions were assumed, where -the 
shear-modulus and the loss factor of the viscoelastic material are - 
constants. The computer programme shown in Appendix 1 was prepared and 
used for determining the loss factor of all panels according-to the 
variation of the viscoelastic layer thickness. 
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The calculated loss factor for the fifteen groups of panels is plotted 
against the thickness of viscoelastic layer in Figures 45-59*. The 
figures show a decrease in the panel loss factor with increasing 
thickness of viscoelastic layer. 
4.5.2 The Effect of Constraining Layer Thickness and Materials of 
Construction on the Damping Properties of Panels 
The group of panels described in Tables 22-24 were assumed to have the 
same description mentioned in these tables i. e. the material of all 
layers, the thickness of base and viscoelastic layer were kept the same, 
but the thickness of the constraining layer was assumed to vary. It 
appeared from Figures 45-59 that the loss factor of all those composite 
panels increases with decreasing thickness of viscoelastic layer. These 
results were used to choose a reasonable thickness for the viscoelastic 
layer to all panels classified in Tables 22-24, and to investigate the 
effect of constraining layer thickness on the, panel loss factor. The the 
chosen thickness of the viscoelastic layer was kept constant at H2 = 
0.15 mm. Nevertheless, it might be possible to construct composite 
panels with thickness smaller than this using -certain techniques 
(reference 22). 
Under these conditions and assuming constant temperature and frequency, 
the panel loss factor was calculated as the thickness of constraining 
layer was varied. 
Examining the results shown in Figures 45-59 one deduces that whatever 
the materials of construction are, the thinner the base layer the greater 
the damping. Howeverl-0 for diesel engine applications, especially for 
light and middle size engines, 'it is normal to choose panels with base 
layer thickness of 1 and 2 mm. Therefore a selection of panels from those 
listed in Tables 22-24-, was taken and classified according to the 
thickness of base layer and material- of construction. This is described 
Wherever seen, except Tables 26 and 27 for the symbol P. ----A-T: 
aluminium; Zn: zinc; Fe: steel Mg: magnesium; Pb: lead and 
P: polysulphide rubber- 
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in Table 25 where there are six groups of panels having aluminium, steel 
or magnesium as the material of the base layer at thickness of H, =1 and 
2 mm. 
To examine the effect of the material of construction for these groups of 
panel s, the panel loss factor was plotted against the thickness of 
constraining layer with the material of construction as a parameter. 
This is shown in Figures 60-62 for groups 1-3 respectively and in Figures 
63-65 for groups 4-6 respectively. For comparison, it is convenient'to 
plot all the graphs shown in Figures 60-62 on Figure 66. Similarly this 
can be repeated for Figures 63-65 in Figure 67. 
4.5.3 Comparison of Damping Abilities, 
With reference to Figures 66 and 67, it is obvious that for panels 
constructed from magnesi um/polysul phi de rubber/magnesium provide superior 
damping in comparison with other panels constructed, for example from 
steel /polysul phi de rubber/steel, or from steel /polysul phi de rubber/zinc. 
However, the optimum design of the different panels, described in Table 
25, with the maximum loss factor achieved under constant frequency and 
temperature are listed in Table 26 for the panels with base layer 
thickness of H, 1 mm and in Table 27 for the panels with base layer 
thickness of H, 2 mm. 
4.5.4 The Effect of Temperature and Frequency on the Los's Factor of 
Optimum Panels 
it is well known that the damping properties of constrained damping 
panels are highly dependent on the damping properties of viscoelastic 
material, and because the damping properties of viscoelastic, material are 
also highly dependent on frequency and temperature, viscoelastic 
materials possessing high damping properties over a ran-ge of frequency 
and temperature of application are required. 
The experimental results mentioned earlier in this chapter provide data 
for polysulphide and ethylene propylene rubbers. This data is available 
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over a range of frequencies between 50 and 1500 Hz and at different 
temperatures. 
The design of composite panels, i. e. the material of construction and the 
thickness of different layers, also play a major role in obtaining high 
damping properties. This is stated in the previous section where the 
optimum design of different panels is summarised in Tables 26 and 27. 
To look at these factors, three groups of panels were examined, each 
group consisted of two optimum panels. In each group, both panels being 
identical except the material of the elastic layers was different. The 
difference between the three groups is that the material of layer 2; for 
the first group is polysulphide rubber cured for one week, for the second 
group is polysulphide rubber cured for nine months and for the third 
group is ethylene propylene rubber. 
These groups of panels, which are' identified in Table 26 are: 
i) Panel s: Pla and P15a 
ii) Panels: Plb and P15b 
iii) Panels: El and E15 
Panels Pla and P15a : the viscoelastic material of these panels is 
polysulphide rubber cured for one week, the experimental values 
(listed in Tables 1-5) of the dynamic shear 
- 
modulus G' and the loss 
tangent a were used in calculating the loss factor of panels Pla and 
P15a. Values of the loss factors were isometrically plotted against 
temperature and frequency in Figure 68 for Panel Pla and in Figure 
69 for Panel P15a. 
Panels Plb and P15b 
': 
the viscoelastic material of these panels is 
polysulphide rubber cured for nine months, the experimental values 
(listed in Tables 6-13) of the dynamic shear modulus and the loss 
tangent were used to calculate the loss factors of these panels. 
Values of the loss factors of panels Plb and P15b were isometrically 
plotted against temperature and frequency in Figures 70 and 71 
respectively. 
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iii) Panels El and E15: the viscoelastic material of these panels is 
ethylene propylene rubber, the experimental values (listed in 
Tables 14-21) of the dynamic shear modulus and the loss tangent 
were used to calculate the loss factor of these panels. Values of 
the loss factor of panels El and E15 were plotted against 
temperature and frequency in a three-dimensional isometric form as 
shown in Figures 72 and 73 respectively. 
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CHAPTER 5 
DISCUSSION 
In the previous chapter, the results of experimental work on 
polysulphide rubber and ethylene propylene rubber, the design of 
constrained damping panels and the damping properties of optimum panels 
were briefly presented. Comments about these results and the effect of 
different variables will be presented and discussed in this Chapter. 
5.1 GENERAL 'COMMENTS ON THE DYNAMIC SHEAR PROPERTIES OF ELASTOMERIC 
MATERIALS 
Four viscoelastic properties were measured during this work; the 
complex shear modulus G*, the dynamic shear modulus G' (the storage 
modulus or the in-phase component of the shear modulus), the loss shear 
modulus G" (the out-of-phase component) and the loss tangent a. This 
was done, as mentioned in the previous chapter, for ethylene propylene 
rubber and polysulphide rubber with two conditions of curing time. 
Before the assessment of these properties, it may be useful to 
introduce a brief observational description of them followed by 
qualitative and quantitative (whenever possible) interpretations. 
5.1.1 Complex Shear Modulus and Dynamic Shear Component 
The complex shear modulus G*, plotted isometrically against temperature 
and'frequency, is shown in the following figures: 
Figure 29 for polysulphide rubber cured for'one week 
Figure 33 for polysulphide rubber cured for'nin'e months, and 
Figure 39 for ethylene propylene rubber. 
Correspondingly, the dynamic shear modulus G' is shown in Figures 30, 
34 and 40. In general, these figures show, consistently, a slow 
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increase of complex shear modulus and its dynamic component with 
increasing frequency, the rate of this increase increases at higher 
frequencies. Some exceptional departure of this observed tendency 
appears at temperatures approaching -40, see Figures 33,34,39 and 40. 
This will be explained later in Section 5.1.4. Both G* and G' decrease 
with increasing temperature, the rate of this decrease goes higher in 
the temperature range of -40 to OOC, see also Figures 33,34,39 and 
40. 
The similarity in the variations of complex shear modulus and its 
dynamic component with frequency and temperature is obvious. This is 
due to the relatively small energy losses within the frequency and 
temperature ranges. In other words, the loss factor is relatively 
small throughout, as G' = G* cos6, therefore whenever 6 is small i. e. 
a= tan6 is small the difference between the complex shear modulus and 
the dynamic modulus will be small. This can be shown for both 
elastomers tested by comparing Figures 29,33 and 39 with Figures 30, 
34 and 40 respectively. It can also be shown by comparing the values 
of the complex shear modulus and the dynamic shear modulus in Tables 1 
to 21. 
The dynamic (storage) shear modulus is defi. ned as the stress in-phase 
with the strain in a sinusoidal shear deformation divided by the 
strain; it is a measure of the energy stored and recovered during a 
cycle of deformation, when different systems are compared at the same 
strain amplitude. At constant temperature, the storage modulus should 
decrease with decreasing frequency to approach a limiting value Ge; 
the equilibrium storage modulus. This limiting value is not reached in 
this investigation, as the lowest operating frequency was 50 Hz. The 
equilibrium modulus is a measure of energy storage referring to elastic 
equilibrium. In molecular terms and according to the theory of rubber- 
like elasticity (53), it is proportional to the number-average 
molecular weight between crosslinks in the network. Quantitatively Ge 
is given by (120) 
Ge =gv RT (5.1) 
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where v is the moles of network strands per cc or the density of 
strands that are terminated at both ends by chemical crosslinks 
g is a numerical factor not far from unity; it includes the ratio 
of the mean square end-to-end distance of a strand to the mean 
square end-to-end distance which strands of the same length 
would assume if not constrained by crosslinks (121,122). 
According to Ferry (53) "It is rarely, if ever, possible to determinev 
accurately by independent means, so the exact value of g usually 
remains in doubt". With increasing frequency and at constant 
temperature, the storage modulus increases to approach another limiting 
value that characterises the solid glass-like behaviour of the 
elastomer. This value also is not reached, as the highest operating 
frequency was 1500 Hz. It may be reached at frequencies beyond 
1500 Hz. 
5.1.2 Loss Shear Component 
The loss shear modulus is defined as the stress 900 out-of-phase' with 
the strain divided by the strain; it is a measure of the energy 
dissipated or lost as heat per cycle of sinusoidal deformation', when 
different systems are compared at the same strain amplitude. 
The dependence of the loss shear modulus, plotted isometrically against 
temperature and frequency as shown in Figures 31,35 and 41, indicate 
that in the frequency region (50-1000 Hz) and the temperature region 
(20-10000 where the storage modulus G' changes slowly (undergoes 
little dispersion), the behaviour is more nearly perfectly elastic; 
hence comparatively little energy is dissipated in periodic 
deformations. Thus in such regions the loss shear modulus G" tends to 
be considerably less than G', compare Figures 30,34 and 40 with 
Figures 31,35 and 41 correspondingly. At high frequencies and low 
temperatures, elastomers would be expected to approach solid or glassy 
behaviour, then G" would again approach smaller values than that of G'. 
On molecular bases, this Would correspond to the absence or to the very 
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small molecular or atomic adjustment capable of dissipating energy 
within the small period of deformation. It can be noticed that in the 
temperature range 0 to -400C and at frequencies beyond 1000 Hz the loss 
shear modulus increases as the elastomers approach transition 
behaviours. This is shown clearly in Figures 35 and 41 for the 
polysulphide and the ethylene propylene rubber respectively. 
5.1.3 The Loss Tangent 
The loss -tangent is a dimensionless parameter, and it is a measure of 
the ratio of energy lost to energy stored in a cyclic deformation. 
The dependence of the loss tangent', plotted isometrically against 
temperature and frequency as shown in Figures 32,36 and 42, indicate 
little damping occurring in most of the frequency and temperature 
regions; except the two prominent peaks shown in Figures 36 and 42 
occurring at -400C and around 1200 Hz. Not surprisingly one would not 
expect much damping in the rubbery behaviour zone and those maxima 
indicate that the materials are approaching transition behaviours at 
the temperature and frequency mentioned above, although the -400C is 
expected to be higher than the glass transition temperatures of both 
elastomer's. It is well known that with a very wide frequency range when 
the frequency increases, elastomers* change from rubber-like to glass- 
like dynamic behaviours, passing through a transition region (zone) on 
the frequency r scale. 
The loss tangent ý reaches its maximum value at, 
approximately, the middle of the transition region. The frequency at 
which $ becomes maximum it may be called the mid-point frequency, or 
the transition frequency. At temperature of -400C, the mid-point 
frequency looks not far from 1200 Hz for both elastomers, see Figures 
36 and 42. This feature may lead to the estimation of the glass 
transition temperature, Tg, of both materials. If Tg is considered, to 
be defined at low frequencies, say 1 Hz, then according to Bulgin (50) 
and Nielson (51) who 'stated that a decade increase in frequency is 
roughly equivalent to (5-100C) increase in temperature. Therefore one 
may conclude that Tg for both materials may be in the region of -70 to 
0 
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-550C at a frequency of 1 Hz. This conclusion seems to be in agreement 
with some available literature on both materials, references 123-132. 
5.1.4 Shear Modulus Changes at Low Temperatures 
It was stated earlier in Sections 5.1.1,5.1.2 and 5.1.3 that the 
dynamic shear properties of polysulphide rubber and ethylene propylene 
rubber change with temperature and frequency in a consistent manner 
over most of the operating frequency and temperature ranges. 
This expected trend of change agrees with literature, references 46, 
58,75,105-117, not surprisingly because the ranges of temperature (_ 
20 to 1000C) and frequency (50-1500) indicate the behaviour of the 
elastomers are rubbery-like behaviours. 
At T= -400C, as this temperature is not far from the glass transition 
temperature, the changes in dynamic properties with frequency show some 
kind of fluctuation. This feature will be discussed for both rubbers 
as follows: 
i) Polysulphide Rubber: Looking at Figure 37, which represents the 
complex shear modulus changes against frequency at temperature 
equal to -400C. The drop of modulus between 250 and 300 Hz may be 
caused by ice formation on the specimens when they were left in the 
environmental chamber prior to testing and a break away of this ice 
may perhaps have occurred, although a provision was made to absorb 
the humidity from the, air surrounding the specimens in the 
environmental chamber. However, the deviation (error bars) of the 
mean values are noticeably higher over, most of the frequency range. 
This would probably explain why measurement of dynamic properties 
with frequency changes at temperatures around the glass transition 
temperature is difficult (53). It can be seen that a noticeable 
step change in modulus (associated with transition from rubber-like 
to glass-like behaviour) is occurring between 1000 and 1300 Hz. 
The mid-point 'frequency is approximately 1150 Hz at this particular 
temperature (400C). The -loss tangent at mid-point frequency 
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appears to take hi gher val ues , see Fi gu re 3 6. Literature 
describing the physical properties of this kind of elastomer (127- 
132) indicate that cured polysulphide elastomers behave like rubber 
up to -540C. Argument shown in Section 5.1.3 would support the 
occurrence of a step change in the shear modulus occurring at -400C 
and around 1150 Hz. 
ii) Ethylene Propylene Rubber: At temperature of -400C, there appears 
a peculiar trend of modulus variations against frequency 
(especially between 600 and 1200 Hz). This is shown in Figure 43. 
All possible reasons, which may have caused this peculiar trend of 
variations, were considered. These expected reasons are: 
a) Ice formation 
b) Adhesive 
C) Transition behaviour 
d) Experiental technique. 
a) Ice formation: 
If ice had been formed on the specimens as described earlier in 
Section 5.1.4(i), one may think that the ice 'would start to 
break off at say 600 Hz. This would result in a normal trend 
of the modulus with increasing frequency. In other words the 
modulus should not drop sharply beyond 600 Hz. 
b) Adhesive: 
The second possible reason which has been thought about is the 
adhesive (Loctite Super Glue). It should be mentioned that 
this adhesive proved to be convenient over-most of the test 
temperatures. It is able to adhere with a very thin layer, a 
drop of it is sufficient to stick an area of 5 cm2. In spite 
of its fast adhesion, extra time was allowed to cure properly, 
after that its nature appeared to be rigid. The adhesive'was 
tested alone, i. e. without including the rubber, and found to 
be rigid enough, where no significant strain response was 
detected, to, the capability of the shaker. Therefore, in the 
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previous calculations of the dynamic properties it was not 
necessary to include the adhesive effect on these properties. 
In other words, the rubber was considered as self-adhered to 
the driven member and the specimen holders. If the adhesive 
becomes brittle or takes a special nature at lower temperatures 
(-400C), then one thinks that it may have contributed to the 
dramatic drop in modulus. Brittleness may result in fracture 
and decohesion, or partial failure. Fracture seems unlikely to 
have occurred, 
- 
because there would be no further results 
obtained. Partial failure causes permanent change in modulus 
towards lower values. These have not been observed. 
c) Transition behaviours: 
Some explanation, mentioned in Sections 5.1.3 and 5.1.4(i), 
with respect to the transition behaviours can be applied to 
this section, although the peculiar behaviour here is more 
severe. It may be possible that the transition region on the 
frequency scale is wi. der for this material than. that of 
polysulphide rubber, compare Figure 43 with Figure 
'37. 
Confirmation of the transition occurrence at this temperature 
(400C) and the frequency range (beyond 600 Hz) is supported in 
references (123-126), where values of Tg for ethylene propylene 
rubber are reported between -55 and -400C. 
d), Experimental technique: 
It seems unlikely that the experimental technique or equipment 
used in this work are the cause of this peculiar tendency of 
modulus changes with frequency. The reason is that the 
equipment is operational under even wider ranges of frequency 
and temperature than that used in this investigation. However, 
the deviation (error bars) of the mean values are noticeably 
high at this temperature. Good results were produced over -20 
to 1000C. A'double check was made by adopting the method of 
reduced variables to extrapolate data for the modulus against a 
wide range of frequency, using data conducted at a limited 
range of frequency and different temperatures. This is shown in 
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Figure 44. It can be seen that the master curve, representing 
the 
I 
reduced shear modulus (Gr), almost coincides with the curve 
(Gm ) representing the measured shear modulus at the reduced 
temperature and over the operational frequency (50-1500 Hz). 
It must* be added that this is also true for polysulphide 
rubber, see Figure 38. 
Now, looking at the four possible reasons mentioned above, concerning 
the peculiar tendency of modulus against frequency, one can reach a 
conclusion that the possibility of the three reasons stated in (a), (b) 
and (d) can be ruled out to a certain extent. The main reason, perhaps, 
is the occurrence of transition at this temperature and it may be 
concluded that conducting measurements of dynamic properties of 
elastomer is a difficult task when transition occurs. This is in 
agreement with reference(53)- 
5.1.5 in-Service Changes in Damping Properties of Polysulphide Rubber 
Comparing Figure 29, with-Figure 33, and Figure 30 with Figure 34 
(notice the scal e), one fi nds , in general , that the compl ex shear 
modulus, and its dynamic component increase slightly with time if the 
polysulphide rubber is left and stored properly, i. e. in a dry place 
under room temperature. The increase in shear modulus varies between 
5% and 40% approximately. 
I 
Comparing Figure 31 with Figure 35, itý can be seen that the loss shear 
modulus does-not change much with increasing curing time. 
Comparison between Figure 32 and Figure 36 shows that the loss tangent 
decreases with increasing curing time. The decrease in loss tangent 
varies between 10 and 35% approximately. 
This can also be shown by comparing Tables 1,2,3,5 with Tables 9, 
10,11 and 13 correspondingly. 
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The increase in shear modulus with curing or storage time is 
favourable, as far as the damping of constrained layer composite panels 
is concerned. On the other hand, the reduction of loss tangent is 
unwanted for the damping of composite panels. As a result it is 
possible to conclude that the damping properties of polysulphide rubber 
do not change much in service. 
5.1.6 Effect of Strain Amplitude 
The dynamic shear properties of both test materials were examined under 
variable strain amplitudes ranging from 1% to 4%. It was found that 
the effect of strain amplitude on these properties was insignificant 
over most of the operating frequency and temperature ranges. This is in 
agreement with references 59 and 70. The reason for this agreement is 
due to the fact that in these references, the effect of strain 
amplitude was 'examined in the same range of strain amplitude. 
It must be pointed out that the shaker used in this work is not capable 
of vibrating the specimens to values of strain amplitude greater than 
4%, especially at higher frequency. Therefore this investigation was 
1imi ted to th is smal I range. Th isis one of the maj or reasons for not 
using the . electromagnetic transducer (a contact-free exciter) described 
in Chapter 3, Section 3.8, because it is not able to vibrate the test 
specimens at a reasonable value of strain amplitude. In fact this 
transducer is only able to vibrate the specimens up'to 0.3% strain 
amplitude and up to 400 Hz, while the shaker used in this work is able 
to vibrate 'the, test specimens at 1.4% strain amplitude and over a 
frequency range of 50-1500 Hz. 
5.2 MOLECULAR STRUCTURE OF ELASTOMERS 
It is well known that elastomers, as any polymeric material, consist of 
a huge number of giant molecules (macromolecules), each of which 
comprises a large number of repeating units (monomers). These units 
characterise the different kinds of elast6mers. In this section 
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attempts are made to determine, as far as possible, the molecular 
structure, of the elastomers tested during the course of this work. 
5.2.1 Ethylene Propylene Rubber 
This rubber vulcanizate is the Nordel grade 1635. The compound 
formulation of this grade is as follows: 
Name 
Ethylene Propylene Terpolymer (Base Rubber) 
Fast Extrusion Furnace Black 
Zinc Oxide 
Stearic Acid 
Magnesium Carbonate Coated Sulphur 
Tetra Methyl Thiuram 
Benzo Thiazyl Disulphide 
Zinc Dimethy Carbamate 
Code Parts 
Nordel 1635 100 
FEF Black 30 
ZnO 5- 
Stearic Acid 1 
MC Sulphur 1.5 
TMT 0.4 
MBTS 1.0 
ZDC 1.5 
The compound was prepared under standard mixing and milling and cured 
for twenty minutes at 1500C. 
Ethylene propylene rubber originally is based on the chemical reaction 
of ethylene and propylene using certain catalysts (133). The reaction 
can be presented as follows: 
H H2 H2 CH3 H2 
n(H C=CH catalyst_ 
III 
2 2) + n(cH3-C5H2) C-C-C-C -)n 
I 
H 
This regular, alternating amorphous copolymer of ethylene and propylene 
is called (EPM) or (EPR). It contains no diene monomer and no 
functional unsaturation for sulphur vulcanization. EPM can be cured 
into useful rubber articles using special chemicals which may be able 
to introduce non-conjugated dienes into the EPM structure. Searches for 
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appropriate non-conjugated dienes resulted in the discovery of, 
perhaps, fifty such chemicals (123). The most commercially important 
chemicals fall into three classes: 
i) The non-conjugated straight chain diolefines 
ii) The non-conjugated cyclic diene 
iii) The non-conjugated bicyclic diene. 
These chemicals provide the diene to the main structure of EPM as 
branches or pendants of the third- monomer containing the required 
dienes for vulcanization purposes. It may not beuseful to introduce the 
three classes of chemicals. mentioned above. Information from gathered 
literature concerning Nordel rubber products (124,134-136) revealed 
that the type of the third monomer introduced to this rubber (Nordel 
1635) is the 1,4-hexadiene: 
CH HHH 
131 
ý2 
12 C-C =C -C-C, =C 
This is the lowest molecular weight straight,, chain diolefine. When this 
chemical is introduced with ethylene and propylene, the terminal double 
bond is active with respect. to polymerisation while the internal 
unsaturation is passive at this stage,, but remains in the resulting 
terpolymer as a substituent, or pendant location for active sulphur 
vulcanization. The resulting molecular structure of this terpolymer of 
EPDM (Ethylene Propylene Diene'Methylene; the methylene, represents the 
repeating units CH2 in the spine of the polymer) can be presented in 
principle as below: 
HHC CH HH 
12 12 1 
H3 
121 12 
cc 
I- 
c C, cc 
II 
H CH2 
I 
CH 
11 
CH 
I 
CH3 
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This possible molecular structure of the base rubber used (the Nordel 
1635) is still saturated insofar as the structure of the spine or 
backbone is involved, giving the elastomer good resistance to 
degradation by oxygen, ozone, light and heat. The-u'nsaturation is 
presented only in pendant or cure-sites (the double bond) and any 
degradation of these small groups will not affect the integrity of the 
rubber chain itself. 
Possible variations in the molecular parameters are: 
a)- Ethylene to, propylene'ratib 
b) Diene type 
C) Diene concentration 
d)' Molecular weight 
e) Molecular structure. 
a Ethylene to Propylene Ratio: By' varying this ratio, products 
ranging from plastic to elastomeric are possible. Products with 
higher ethylene contents generally show higher modulus val ues due 
to stress crystallisation (124,125). The type of measurements of 
torsion damping, conducted by-Van Gunst (125) revealed a linear 
shift of the glass'transition temperature from -600C at 65% mol% 
ethylene to -480C at-'80 mol% ethylene. 
b) Dieýne Type' and Concentration: The type of diene and its 
concentration regulate cure rate and ultimate crosslink density 
with sulphur based accelerator system (123,124). Diene type may 
al so condition the response of the elastomer to a given 
vulca'hisation' system. 
C) Molecular Weight and Structure: These, of course, are I reflected in 
polymer viscosity, processability and vul cianisate physic'al 
properties. Average molecular weight can be changed 'in different 
ways. If the ethylene propylene ratio is increased the molecular 
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weight increases. The same applies for lower catalyst 
concentrations, lower polymerisation temperatures and higher 
monomer concentrations (123,125). 
To explore the possibilities inherent in just four ratios of ethylene 
to propyleneone diene type (as in the Nordel grades the 1,4 hexadiene 
third monomer is normally used)'at four concentrations, four molecular 
weights and four structure modifications could, in principle, involve 
preparation and characterisation of 256 types of terpolymer. This 
example demonstrates the versatility inherent in the EPDM system and 
why polymers from different sources are never identical in spite of 
similar viscosity and cure rate classifications. 
The amount of the third monomer in general purpose grades is about 1 
mol%. For faster curing polymers this amount may be as high as 1.5-2 
mol%, the latter mol percentage increases the modulus considerably 
(125). Sulphur vulcanisation of Nordel rubber, in general , is 
accomplished by the use of zinc oxide and organic accelerators. The 
compound formulation of Nordel 1635, illustrated at the beginning of 
this section, shows the presence of these accelerators along with other 
additives. The more effective primary accelerators are the TMT and the 
ZDC (134). The MBTS is normally necessary as a secondary accelerator 
to develop satisfactory cure rates. Stearic acid is used as a release 
agent and has a slight retarding effect (reduces the modulus). ' The 1.5 
phr MC sulphur, 0.4 phr TMT and 1.0 phr MBTS offer relatively high 
modulus. The 30 phr FEF black enhances the' modulus. 
5.2.2 'Polysulphide Rubber 
This rubber was supplied, as mentioned in Chapter 4, - by Berger 
Elastomers. It consists of the base polymer (the PR 1442 Class B) and 
its accelerator. The base polymer is a two-part polysulphide rubber 
compound, where a special chemical curing system is employed (137). 
This mixed compound is a highly thixotropic paste. The accelerator is a 
paste-like compound. Nothing is revealed about the ýcompound formulation 
of both the base and the accelerator compounds, but a hint was given by 
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Berger Elastomers that some liquid polysulphide polymers of Thiokol 
products are included in the base compound. 
Initially, an infra-red spectrum was obtained for the base compound. A 
small amount of this compound was dissolved by tetrahydrofuran (THF), 
and a drop of the solution was spread on a sodium chloride crystallised 
disc. This was exposed to a strong beam of red light until a completely 
dried thin layer of the base compound was obtained. This layer was 
analysed in the infra-red spectrometer. The spectrum is shown in Figure 
74. This spectrum was compared with a number of those polysulphide 
rubbers found in the literature, e. g. Hummel (138), Figures 1066 to 
1074. All the spectra are similar to that of the base compound, except 
the presence of three odd peaks in the base compound at wave numbers of 
1415,880 and 720 cm-1, or at wavelength of 7.1,9.7 and 13.9 um, see 
Figure 74. 
Three types of liquid polysulphide polymers (produced by Thiokol) were 
chosený for comparison purposes. They are: the LP-3, LP-2 and LP-31. 
Thin liquid films of these were constrained between two sodium chloride 
discs. These thin films were analysed in the infra-red spectrometer. 
The obtained spectra of the LP-3, LP-2 and LP-31 liquid polysulphide 
polymers are shown in Figures 75,76 and 77 respectively. The 
similarity between the spectra shown in these figures and that shown in 
Figure, 74 is obvious, especially in the range of 1300-800 cm-1. The 
odd peak of' Figure 74 occurring at 1415 cm-1 appears to coincide with 
the middle one of the three peaks occurring in the neighbourhood of 
1400 cm-1 in Figures 75-77. The other odd peak at 720 cm-1 of Figure 
74 again looks similar to a peak in Figure 75. 
The complex pattern in all the spectra mentioned above, where the most 
prominent feature is a series of strong bands between 8 jim and 10 Vim 
(1250-1000 cm-1), indicates the presence of the group -0-CH2-0- in the 
elastomers (139). 
A thorough search was made in reference 138 to identify the three odd 
peaks of Figure 74, especially under the curing agent and rubber 
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additives titles. 
found. 
Unfortunately no similarity to these odd peaks was 
Because of the similarity in the infra-red spectrum of the base 
compound used in this investigation, the spectra of the liquid 
polysulphide polymers (the LP family) and the other polysulphide 
spectra of theThiokol (FA, AandST) especially theThiokol FA found 
in reference 138, it is almost certain that the base compound PR 1442B 
is mainly made up of two types of liquid polysulphide polymer with some 
curing agents and other additives which are unknown so far. Thiokol 
Chemicals Ltd, literature 127-129, reveal that some grades of LP liquid 
polysulphide polymers can be used as a blend of two grades (LP-3 with 
LP-31 for example), a certain grade of LP (LP-3) can be added to an 
epoxy resin to lower its viscosity (128) and even a small amount of LP- 
31 (0.5-5 phr) can be used with SBR and natural rubber as an additional 
curing agent (129). Judging from the colour and the highly thixotropic 
paste of the base compound (PR 1422B), it may be possible that this 
compound contains some kind of a thixotropic additive in a smaller phr, 
and other additives (fillers, possibly china clay, stearic acid and oil 
etc), recipe of different additives including thixotropes with their 
effect on thixotropic properties of LP-32 based Thiokol compound is 
found in reference 130. - 
Gathered information from Thiokol literature (127-132) and others 
(138,140,141 ) indicate that the LP liquid polysulphide polymers are 
polymers of bi-(ethylene oxy) methane containing disulphide linkage. 
The reactive terminal groups used for curing are mercaptans (-SH). The 
general molecular structure is: 
HS(C2H4-0-CH2-0-C2H4SS)x C2H4-0-CH2-0-C2H4SH 
The average molecular weight is 8000 for LP-31; 4000 for LP-2, LP-32 
and LP-12 ztnd 1000 for LP-3 and LP-33. Other chemical and physical 
properties of the LP family can be found in references 127,131 and 
132. 
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if the polysulphide rubber used in this work is to be based on one or 
two grades of the LP family, speculation may be made about the special 
chemical curing system mentioned at the beginning of this section. It 
may be possible that one or more of the curing agents of base compound 
recipes, suggested by Thiokol, have been used by Berger Elastomers for 
our base compound, possibly Ti02 and/or sulphur powder. 
Curing of liquid polysulphide polymers to high molecular weight 
elastomers is normally accomplished by oxidising the polymer's thiol 
SH) terminals to disulphide (-s-s-) bonds (127) as shown below: 
2-RSH + (0) -> -R-S-S-R- + H20 
The curing agents most commonly used are oxygen denoting materials such 
as, lead dioxide, manganese dioxide, calcium peroxide, cumene 
hydroperoxide and p-quinone dioxime. Lower valance metallic oxides, 
other organic peroxides, metallic paint driers and aldehydes can also 
function as curatives (127). More specifically, Thiokol suggests the 
following curing agents for LP-2, LP-12, LP-31 and LP-32 liquid 
polysulphide polymers: 
Pb02: 7.5 phr 
Mn02: 8.0 phr 
Ca02: 10.0 phr 
Zn02: 10.0 phr 
Cumene Hydroperoxide: 8.0 phr 
For LP-3 and LP-33 the following curing agents were proposed: 
Mn02: 2-6 phr with 1.5-4 phr of m-dinetrobenzene as an accelerator. 
This permits room temperature cures. 
Para Quinonedioxime (GMF): 5-7 phr with 0.5-3'phr of 'diphenylguanidine 
(DPG) . 
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Other curing agents may also be used in polysulphide elastomers (140) 
such as: 
TMTDS: tetramethylthiuramdisulphide 
BTDS: benzothiazyldisulphide 
TETDS: tetraethylthiuramdisulphide 
Speculation may be made about the recipe of the accelerator part used 
with the base compound when cured samples are used in this work, and 
perhaps one of the above metallic dioxides is included with other 
curing agents mentioned above. 
5.3 MOLECULAR THEORIES OF POLYMERS 
A lot of work has been carried out in order to relate the viscoelastic 
properties (including the dynamic shear properties) of polymers 
(including elastomeric materials) to the molecular structure of 
polymers, and to predict some form of theoretical analysis or 
relationship, involving different parameters such as frequency, 
relaxation time, temperature and other parameters related to the 
molecular structure of polymers (53,120-122,142-163). Although most of 
the molecular theories showed a fair correlation with experimental data 
extrapolated or reuced to certain conditions of temperature and 
frequency, their applicabilities are restricted to the state of 
polymers such as: polymeric solutions; diluted solutions or 
concentrated solutions and undiluted polymers, networks and 
entanglements. No single relationship predicts a dynamic mechanical 
property such as the storage modulus, for example, over the entire 
ranges of frequency and temperature, which cover the behaviours of 
polymers in the rubber-like, transition and glass-like regions of the 
temperature and frequency scales, see Section 2.5.3. 
5.3.1 Molecular Theories of Polymeric Solutions 
Molecular theories of dilute solutions generally consider that the 
molecules are essentially isolated, from each other and therefore the 
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treatment of a single molecule is normally sufficient. Assumptions of 
molecular models naturally have been developed (142-152). Some theories 
are based on elongated rigid solute molecules (142-146). Others are 
based on linear flexible random coil models (147-152). The Rouse 
theory for dilute solutions (148) is perhaps the most relevant. Ferry 
and others (53,153) discussed this theory and introduced a modified 
form of it suitable for undiluted polymers of low molecular weight 
(below the order of 20,000) in which the dynamic and loss components of 
the shear modulus were predicted in terms of frequency, molecular 
weight, temperature and relaxation time. These components were also 
predicted in the transition zone. The effect of molecular weight 
distribution and the effect of branching were also discussed. 
5.3.2 Molecular Theories of Crosslinked Elastomeric Networks 
Elastomers cover a wide range of rubber-like materials according to 
their molecular structure. These include: the molecular weight 
(backbone chain, branching and dangling strands etc), the presence of 
entanglement coupling (before and after vulcanisation), the degree and 
form of crosslinking, and the presence and kind of filler (percentage 
and size). 
Molecular theories of viscoelastic dynamic properties of crosslinked 
polymers have been developed. These theories are based on certain 
assumptions of mol ecul ar model s such as the Mooney model ( 154) of an 
idealised network with fixed crosslinks; a network with mobile 
crossl i nks of Staverman, Chompf f and DO ser ( 155,156) and a network 
with random distribution of strand lengths of references 157 and 158. 
The Mooney model (154) of a crosslinked network considers four strands 
radiating from each crosslink, the density of crosslinks exceeding the 
density of entanglement loci present before crosslinking and the 
crosslinks are fixed in the sense that when the external sample 
dimensions change with deformation the crosslinks move in an affine 
manner (154). In other words, their movement in the direction of 
deformation is proportional to their relative geometry. He examined the 
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modified Rouse theory and expressed the relaxation, the storage and 
loss shear moduli in the following equations 
t 
G(t) = -, )RT El +Ze --f-p ] (5.2) 
G' = vRT [1 +E 
W2T P2 (5.3) 
1+ w2T p2 
G" = vRT E (5.4) 
a2 p 2ý 
1+ w2T p2 
pc0 
(5.5) 
61T2 p2 kT 
where G(t) is the shear stress relaxation modulus 
Go is the storage shear modulus 
Go' is the loss shear modulus 
T is the relaxation time P 
V is the moles of network strands per cc or the density of 
strand s that are terminated at both ends by chemical 
crosslinks 
R is the gas constant 
T is the absolute temperature 
t is the time 
W is the angular frequency 
a is the root-mean-square end-to-end distance per square root 
of number of monomer units 
10 is the translational friction coefficient per monomer unit 
P is the scission probability 
k is the Boltzmann constant 
and PC is the average degree of polymerisation of a network strand 
and it can be expressed as: 
=p c -Vpr 0 
where Mo is the monomer molecular weight 
and P is the density 
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The determination of 4 is very difficult, even for the idealised Mooney 
model (154). A real network model differs from the Mooney model, 
because of the irregularities in the molecular structure. There are, 
probably, important factors'reflecting the role of network defects. 
These are: the presence of dangling ends due to the finite molecular 
weight of the elastomer prior to crosslinking, the presence of coupling 
entanglements which may exist in the linear elastomer before network 
formation and become permanently trapped in the course of the 
crosslinking process, and the presence of sol fFeiction, i. e. molecular 
species not attached to the network at all. The dangling ends and the 
sol frilciton have a negative influence on v because they cannot store 
elastic energy at equilibrium; the trapped entanglements have a 
positive influence on v because they represent additional restraints 
which magnify the change of entropy with deformation. Following Flory 
(159), Tobolsky (160) and Mullins (161) for the dangling ends, and 
Bueche (162) and Mullins (163) for the trapped entanglements, the 
effective network strand density can be expressed approximately as 
below: ' 
2 vc (1 + 
2v 
b+ 2c Te (5.6) 
cn 
where vc is the molesof chemical crosslinks per cc 
brisa constant approximately equal to twice the-density of 
elastomer 
Mn is the number average molecular weight before vulcanisation 
C is the moles of entanglement loci per cc 
and Te is the probability that such an entanglement has been trapped 
in the crosslinking process to such an extent that it acts 
like an extra 'crossl ink. 
The value of v in equation (5.6) can then be substituted into equations 
(5.1-5.5) for the estimation of shear properties of elastomers. 
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In the transition zone, the shear storage and loss moduli were inferred 
from the Rouse theory (148) by Ferry ( 53) and expressed as 
ap No 10 kT I 
wi (5.7) (-, go-) (--T-) 
or G' = G" pRTn)j w1 (5.8) m 
where No is the Avogadro number 
M is the molecular weight 
and n is the shear viscosity. 
The other variables are as identified previously. 
The above equations are known as the square-root law region of G' and 
GH. They are applicable for crosslinked and uncrosslinked polymers 
alike (53), because they are independent of the degree of crosslinking, 
but as stated by Ferry (53), "if the molecular weight between 
crosslinks is of the order of 5000, the wi proportionality should hold 
only over a frequency range of a factor of 5 or 0.7 on a logarithmic 
scale". 
5.4 FACTORS AFFECTING THE MANIC SHEAR PROPERTIES 
The values of complex shear modulus and its dynamic and loss components 
as they vary against frequency may be affected in the following manner. 
5.4.1 Heat Build-up 
Heat builds up inside the specimen as a result of the dissipation of 
energy due to the phase difference between strain and stress in the 
vibrating rubber specimen. This dissipated energy is a part of the 
energy input into the rubb 
* 
er specimen, which is not returned during the 
recovery part of the vibrating cycle. From this phase difference, a 
hysteresis loop can be produced, when the oscillating stress and strain 
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signals are displayed on an oscilloscope. If the,, stress and strain 
cycles are sinusoidal, this loop is an ellipse,, which is well known as 
the "Lissajou Figure". The energy dissipated as heat per cycle per 
unit volume is represented by the enclosed area of the ellipse and it 
may be defined by (40 and 164). 
Tr T*Y* sins (5.9) 
where T* = the amplitude of , 
total stress cycle 
Y*= the amplitude of total strain cycle 
and 6= the phase shift between stress and strain cycles. 
in a simple rubber-metal bonded specimen subjected to a simple 
sinusoidal shear stress, the maximum temperature rise (AT) is expressed 
by Tark (165) as quoted in references (40 and 166). The work of Turk 
could not be traced. Turk gives AT in the middle of the rubber as: 
ýt2 Jtj 
AT 1+ (5.10) 
8ki 2C 
where t, = the thickness of the rubber specimen 
k, = the thermal conductivity of the rubber 
4ý = the heat generated per unit volume per second 
C is a factor of boundary condition and it is given by 
ý2 
k2' 
where t2,0 the thickness of the metal strip bonded to the rubber 
k2-0 the 
, 
thermal conductivity of the metal 
and h =. the heat transfer coefficient for metal/air. 
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Approximate estimation is made for the rise in temperature due to the 
dissipation of energy caused by the vibration of the test specimens. 
The estimation is made for both test materials at fixed conditions of 
temperature (200C) and frequency (1000 Hz). The estimated values of 
the rise in temperature (AT) are found as below: 
I 
AT = 11.40C for polysulphide rubber cured for one week 
8.50C for polysulphide rubber cured for nine months 
31.20C for ethylene propylene rubber 
The heat build-up, as a result of the lost energy in the rubber 
specimens subjected to dynamic loading, is affected by a fraction of 
the lost energy which can be transferred from the rubber specimens, 
although -the rubber is a poor conductive material. Heat transfer 
problems are complex and depend on the geometry of the rubber specimens 
(167-171). That is why in the above estimation, AT for ethylene 
propylene rubber is higher than, that for polysulphide rubber, because 
the thickness of the first material specimens is higher than that of 
the second material. The adoption of brass, as the metallic material 
attached to the rubber specimens, is because brass has a considerable 
thermal capacity and it is a good heat conductor. This assists in 
extracting part of the heat dissipated in the rubber specimens through 
a considerable surface area of the attached components. 
Several practical attempts were made to detect the rise in temperature 
due to the increase in vibrating frequency. This rise was detected by 
inserting a very thin thermocouple probe into the test specimen. The 
probe was carefully located as close to the shear surface as possible. 
Under the same conditions at which the data were obtained, the rise in 
temperature caused by vibrating the specimen was recorded. It was 
found that by increasing the operating frequency from 100 Hz to 1000 
Hz, the temperature of the rubber specimens rose to 3-40C 
approximately, above the ambient temperature. Similar observations were 
reported in reference 97, under nearly similar conditions, except that 
the rubbers used there were urethane and neoprene and the method of 
property measurement was the forced vibration resonant method. It can 
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be seen from the rise in temperature detected by experiment (3-40C) is 
less than the calculated values mentioned above - compare 3-40C with 
11.4,8.5 and 31.20C. This difference is due to the fact that the probe 
could not be located exactly at the shear surface where the maximum 
deformation of the rubber specimens occurs, as it is well known that 
the heat generation is not only related to the frequency of vibration, 
but also to the amplitude of deformation. Rubber being a bad heat 
conductor also affects the measured rise in temperature. 
5.4.2 Resonance 
This factor plays an important role in affecting the values of complex 
shear modulus (G*) and its dynamic (G') and loss (G") components. , 
It 
is apparent that these values will be decreased if the operating 
frequency is approaching the resonant frequency of the vibrating 
specimen, and if the strain amplitude is to be kept constant, as is the 
case in this investigation, then a little force (stress) will be 
required to vibrate the specimens. This would ultimately result in 
smaller values of G* and in turn of G' and G" values. 
The resonant frequency of a system like this can be expressed (172) as 
f=I 
/T7 
(5.12) 
21r M 
where K= the stiffness of the rubber specimen, Nm-1 
M= the mass of the vibration specimen, kg 
=a fraction of critical damping, and it can be expressed at 
resonance (41) by 
I=0.5B (5.13) 
where the loss factor of the rubber. 
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The stiffness K is related to the shear modulus (G) through the 
geometry of specimens as 
AG 
t 
where A= the area under shear stress, m2 
t= the thickness of the specimens, m 
(5.14) 
It must be pointed out that the loss tangent (a) at the resonant 
frequency is not known, and although the test materials are found to 
possess high damping properties, it can be shown that the relative 
val ue of the second term in equation 5.12 i. e. 12 is very small 
K compared to the value of the first term i. e. T Thus the resonant 
frequency of the vibrating system may be approximated to the natural 
frequency of the undamped vibration system. This would lead to an 
approximate estimation of the resonant frequency of the vibrating 
system, which can be given by 
f 
/: K (5.15) 
27r M 
substituting equation 5.14 into equation 5.15 gives: 
1/ -8G (5.16) 
2Tr tm 
It can be shown from this equation that the resonant frequency may 
occur in the range between 1700 and 2000 Hz, depending on the geometry 
of the specimen, the shear modulus and the effective mass of the 
vibrating system. 
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It must be pointed out that when a careful sweep of frequency was made 
in the range between 50 and 1500 Hz, no sign of resonance occurrence 
was detected. In other words, no rise in displacement was discovered at 
a certain level of stress or force. This would confirm that all tests 
conducted in this work can be considered to have taken place below the 
resonance of the vibrating specimens. 
The resonant frequency is proportional to the square root of the rubber 
stiffness. Therefore, when the test temperature is high, then the 
stiffness of the rubber will be decreased and in turn the resonant 
frequency will be reduced giving a chance for the dynamic properties to 
be affected more noticeably on approaching resonance. In fact the rise 
in temperature, mentioned earlier in Section 5.4.1, enhances the drop 
of K values, especially at higherfrequencies and in turn it causes the 
resonant frequency to decrease further. 
In fact, the resonance limits the range of frequency at which 
' 
the 
dynamic mechanical properties can be eval 
' 
uated, when the forced 
vibration non-resonant method is used. To obtain data at higher 
frequencies, one must use very small specimens to be able 
' 
to measure 
properties at frequencies well below the resonance. Very small 
specimens are sometimes undesirable as they may be rendered 
uncharacteristic of a bulk material through inhomogeneity of the rubber 
mix. In addition it was found not easy to adopt specimens smaller than 
those used in this work, because of the difficulty in mounting the very 
small specimens on the force transducer. 
5.4.3 Molecular Physics of Elastomers 
It has been shown in Section 5.3 that the dynamic mechanical properties 
of polymers are strongly dependent on the physical chemistry of these 
materials. In Section 5.2, the molecular structure of the materials 
investigated was explained. These materials have a crosslinked 
mol ecul ar 
' 
structure nature, thus the Mooney molecular theory of 
crosslinked polymer networks can be applied (154). Not all the 
molecular and physical parameters, required to estimate the dynamic 
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shear modulus and the loss shear modulus, are completely known. 
Complete determination of these parameters, perhaps, require's further 
research. 
in the Mooney theory, the most important parameter, which characterises 
the molecular physical properties of elastomer networks, is the 
relaxation time Tp. This is given in equation 5.5. It affects the 
dynamic shear modulus given in equation 5.3 and also the loss shear 
modulus given in equation 5.4 (see Section 5.3.2). The second 
important parameter is the equilibrium shear modulus Ge which was given 
in equation 5.1, of Section 5.1.1, as'Ge = 9, )RT. This becomes further 
complicated if v is to be substituted from equation 5.6. It must be 
pointed out that g' was considered equalý to unity in the Mooney theory. 
Fora certai n elas tomer and at a given temperature -r p of equation 5.5 
will take a unique value. The equilibrium modulus, G6-vRT, will also 
take a unique value. At extremely low frequencies, or long times, 
equation 5.3 shows that the dynamic shear modulus approaches constant 
value and characterises the equilibrium shear modulus. At very high 
frequencies or short times, the dynamic shear modulus, in fact, 
approaches a value which is almost twice as much as the equilibrium 
shear modulus value. In general the dynamic shear modulus increases 
with increasing frequency. Qualitatively, this is in agreement with 
the results of this investigation. For the loss shear modulus G", 
equation 5.5 shows that at extremely low frequencies or long times, G" 
vanishes. It also takes very small values at very high frequencies. At 
intermediate frequencies G' changes slowly with frequency. The rate of 
this change is dependent, of course, on the relaxation time. This is 
again qualitatively in agreement with the results reported in this 
investigation. It is well understood that the dynamic shear modulus is 
supposed to reach a' constant value at very low frequencies and the loss 
shear modulus is supposed to vanish since measurements of shear modulus 
in this case will reveal a quasi static condition and therefore in such 
a case no loss in energy can take place. 
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The available information about ethylene propylene rubbers and 
polysulphide rubbers may be used to compare the results with the theory 
in a semi -quantitative way, even though exact values about these 
parameters of the materials tested are not available. The most 
important parameters affecting the dynamic properties are, the 
relaxation time and the equilibrium, shear modulus. 
5.4.3.1 Effect of relaxation time 
The relaxation time of ethylene propylene rubbers may differ between 3- 
4.5 sec and 102_104 sec, reference 125. The above lower range is more 
likely to be related to ethylene propylene copolymers (EPM) and the 
higher range may be related to ethylene propylene terpolymers (EPDM). 
The difference in the relaxation time values is attributed to many 
factors such as: ethylene to propylene ratio and position, degree of 
polymerization, compound formulation etc. Judging from the values of 
the dynamic properties of ethylene propylene rubber and polysulphide 
rubber tested in this work, it may be possible that the relaxation time 
of the latter rubber does not differ very much from the former. 
Therefore the effect of relaxation time of ethylene propylene rubber 
will be discussed as follows. - 
At constant temperature, the equilibrium shear modulus will remain 
constant for a certain elastomer i. e. Ge o vRT = constant. To examine 
how the Mooney theory predicts the relationships between G' and G" and, 
frequency, one must assume a reasonable value for the relaxation. time 
T Initial estimation for -r may be taken from reference 125, where 'r ppP 
may vary between 100 and 10000 seconds. Other approaches may be useful 
if the experimental. results are used. This was done by substituting 
values of G', taken at-constant temperature (where Ge was considered 
constant) and at two different frequencies in equation 5.3 and 
calculating 'r P accordingly. TP was found around 67 seconds. This value 
looks realistic in comparison with reference 125. It has been found 
possible to express G' and G" for ethylene propylene rubber in terms of 
Ge using equations 5.3 and 5.4 respectively. This was, done by assuming 
Ir P= 679 100 and 1000 seconds. The theoretical calculated results 
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revealed exactly what was mentioned earlier in this section. The effect 
of 'r P on these results 
is that the calculated values of G' approaches a 
value of 2 Ge more rapidly when Tp is higher. In other words, G' 
approaches 2 Ge at lower frequencies when Tp increases taking a 
symptotic trend towards 2 Ge, Figure 78 shows schematically the 
changes of G' and G" predicted by the theory and that obtained by 
experiment. 
Qualitatively, the Mooney theory predicts the same trend of variations 
of G' and G" with frequency to that of the experimental results. The 
only difference is that the gradient of the G'/frequency line is higher 
in the experimental results than for the theory. The reason for this, 
perhaps, is due to the assumptions considered in the theory. 
5.4.3.2 Equilibrium shear modulus 
The equilibrium shear modulus Ge and the moles of network strands per 
cubic centimetre v mentioned in the theory may be pr. edicted to a 
limited degree of accuracy. It has been found that Ge may be estimated 
in the range of 3.041-3.463 N/mm2. v will be estimated and compared 
in two different approaches as below: 
a) On molecular basis 
The weight average molecular weight in EPDM elastomers may range 
between 1.6 x 105 and 3x 106, reference 125. The density of the 
ethylene propylene rubber used is 0.85 
9 The concentration of the FMý2 
third monomer in EPDM compounds is between 1 and 2 mol%, references 
123,125. The chemical crosslinks take place by the third monomer. Let 
us define the piece of polymer in a backbone molecular chain which 
contains no crosslinks as a strand. We assume that the third monomer 
or the crosslinking monomer is spread evenly along the polymer chain. 
Hence the number of crosslinking monomer units per polymer molecule is 
equal to the number of strands per molecule. 
Assume the molecular structure of our rubber is a regular alternating 
ethylene (C2H4)/propylene (CA) i. e. 50/50 equimolar percentage with 2 
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mol% of 1,4 hexadiene (CAO), and the weight average molecular weight 
is3x 106 (125). - 
The monomer molecular weight of ethylene propylene is 60. -The monomer 
weight-of 100 monomer units of ethylene propylene will be 60 x 100= 
6000. Thus the weight of a strand which is terminated at both ends by 
chemical crosslinks will be 6000 = 3000. 2 
The number of strands or the number of crosslinks in one molecule will 
be 
3x 10 6= 1000 strands/molecule 
3000 
The number of molecules per unit volume or the molecular density of the 
rubber and the strand density can be estimated as follows: 
In 3x 106g of rubber we have 6x 1023 molecules 
in 0.85 g/cm3 we wi II have ý6x 10 
23 
x 0.85 = 1.7 x 1017 Tecul es 6 'y- 3x 10 cm 
The number of strands per unit volume or the strands density will be 
1000 x 1.7 x 1017 = 1.7 x 1020 strands 
cm3 
b) On Mechanical Properties Basis 
The density of strands can be estimated by the following equation. - 
G' xN e0 
RT 
where Ge is the equilibrium shear modulus = 3.041. -L 
No is the Avogadro's number =6x 10 
23 mm2 
R is the gas constant = 8.314 J K-1 mol-1 
T is the temperature-= 2130K 
Substituting these values in the above equation gives: 
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6 23 3.041xlO x6 xlO 7.5 x 1020 strands 63 8.314 x 293 x 10 cm 
This figure includes the chemical crosslinks and possible entanglement, 
compare 7.5 x 1020 with 1.7 x 1020. The difference between these 
figures may be attributed to the possibility of coupling entanglement 
and to the approximations initially assumed in this estimation i. e. T po 
The number of strands in a molecule can be estimated. This is 
number gf strands per cm 
3 7.5 x 1020 
number of molecules per cm3 1.7 x 101 
17 
ý' 4412 strands/molecule, including chemical crosslinks and coupling 
entanglement, compare with 1000 strands/molecule which are terminated 
at both ends by chemical crosslinks only. This can be illustrated 
schematically as shown in Figure 79. Similar analysis can be made for 
the polysulphide rubber. 
It can be seen from the above discussion that the difference between 
the experimental results and the molecular theory is not very great in 
spite of the assumptions considered in the theory and the above 
comparison. 
The dynamic and loss shear moduli are, in fact, greatly affected by the 
density of strands explained above. This is mostly affected by the 
degree of crosslinking and the number average molecular weight before 
crosslinking. The former causes increasing v while the latter does the 
reverse. 
The effect of temperature as shown in the Mooney theory looks 
complicated. Equation 5.5 shows a decrease in the relaxation time with 
increasing temperature. The other parameters in this equation such as 
(a) and (10) may be affected by temperature. v of equations 5.3 and 
5.4 may also be affected by temperature. It is wel I known that the 
shear modulus decreases with increasing temperature, however from the 
theory the effect of temperature cannot be seen very easily. 
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5.5A NEW METHOD IN MEASURING THE LOSS SHEAR 140DULUS 
It has been found in Chapter 4 that the complex shear modulus (G*), the 
loss tangent (a = tan6) and in turn the dynamic shear modulus (G') and 
the loss shear modulus (G") can be calculated. This can be done using 
the vector diagram, shown in Figure 28, and using the geometry of the 
rubber specimens and the equivalent vibrating mass. It can be shown 
that this vector diagram in fact, can be introduced in terms of modulus 
(or moduli) by replacing the components: KX, CwX, Mw2X, Fs and Fo I with 
G', G", GI, G* and Go respectively, see Chapter 4, Section 4.2, where 
G*, G' and G" are, as usual, the complex shear modulus and its dynamic 
and loss components 
Go the resultant modulus as it would appear from the force transducer 
G, the effect of equivalent mass in terms of modulus. 
Now, when Fo becomes equal to CA, thus Go becomes equal to G". This 
can occur at the moment when the phase meter displays a reading of 900 
corresponding to a minimum voltage reading passing through the force 
transducer. It must be noticed that at this stage: 
0 
90 
Here 6 does not represent the phase shift between the in-phase 
component of stress with strain and the total stress, or between the 
dynamic component of shear modulus with the complex (total) shear 
modulus and 
FS = Fo or G" = Go 
In this case the loss shear modulus can be determined as follows: 
1. Set the requi red test temperature and al low' time for thermal 
equilibrium 
2. Supply an electrical signal through the sine generator until the 
required strain amplitude is achieved 
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3. Change (sweep) the vibrating frequency until the phase meter 
displays 900. Notice that at the same time the input voltmeter 
displays a minimum reading 
4. Record the input voltmeter and frequency display readings 
5. Repeat 1-4 for another temperature setting, and so on. 
Record of the input voltmeter readings and the chosen value of strain 
amplitude together with the calibration constants and the geometry of 
the specimens lead to the calculation of the loss shear modulus in a 
simple manner. Referring to Figure 15: 
Gu = stress 
strain 
= 
FO/X 
2ab t 
F0t 
2abX 
where: a, b and t are the width, length and thickness of the rubber 
specimen 
FO is the measured force 
X is the ýtrain amplitude 
In fact if the measured force Fo is used at constant temperature with 
Ft 
variable frequency the above equation can be written as Go =a and a 
plot of Go against frequency will look like Figure 80. The minimum 
value on the plot will only represent G" at the corresponding 
frequency* 
5.6 DESIGN OF CONSTRAINED DAMPING LAYERS 
For symmetrical three layer composite panels, one can find that the 
loss factor of these panels increases with a decrease in the thickness 
of the viscoelastic layer 02). This is applicable for all kinds of 
composite panels examined, regardless of the material of construction 
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and the thicknesses of base and constraining layers H, and H3. This 
can be seen in Figures 45-59. The reason for this tendency of 
variation with H2 is clearly due to the original theory used for 
calculating the loss factor (n) of these composite panels as a function 
of the viscoelastic layer thickness, see equations 2.1 and 2.3. 
Optimum design of constrained damping layers (composite panels) depends 
on the elastic and viscoelastic materials and on the thicknesses of all 
layers. Full details about the selection of materials of construction 
and the thicknesses of base and viscoelastic layers are found in 
Chapter 4, Section 4.5.2. It is clear from Figures 60-67 that there is 
an optimum thickness for the constraining layer at which the composite 
panel -provides maximum damping (maximum loss factor). 
With reference to Figure 66 and Table 26, a comparison based on equal 
size and the same viscoelastic material, one finds that an optimum 
composite panel made from magnesium/viscoelastic material /magnesium 
provides maximum damping of 4.5 times that of an optimum panel made 
from steel/viscoelastic material/steel. It also provides 1.5 times the 
damping of another optimum panel made from aluminium/viscoelastic 
material /al umi ni um. The same conclusion can be drawn with reference to 
Figure 67 and Table 27. This is a quantitative example which 
illustrates 
' 
the importance of materials selection in the design of 
constrained damping layers in which the optimum thickness of the 
constraining layer is determined. However Figures 66 and 67 and Tables 
26 and 27 provide a broad insight into this investigation. In general 
those panels in which the base layers are made from magnesium offer 
relatively considerable damping with reasonable overall thickness. 
Panels'which are made from aluminium as the elastic material for the 
base and the constraining layers also offer reasonable damping. 
Other factors have to be considered for the selection of elastic 
materials of constrained. damping layers to suit the application 
requirements such as: load, deflection, temperature, frequency etc. 
However, for thin-sectional noise radiating surfaces in diesel engines, 
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the use of magnesium based composite panels seems likely to be most 
attractive. 
It appears that the difference in the damping ability of the panels 
discussed in the above example is due to the fact that the stiffness 
parameter (Y) becomes dependent only on the elastic material properties 
(Young'. s modulus), when comparison is based on equal size 
consideration. Thus the Young's modulus of magnesium- results in higher 
values of the stiffness parameter, equation 2.2, which in turn results 
in a higher loss factor of that particular panel, see equation 2.1 and 
Figure 6. 
The sel ect i on of di ffe rent des i gn s of opt i mum compos i te panel s, as 
described in Chapter 4, Section 4.5.4, is introduced to show the 
damping performance of these panels with respect to frequency and 
temperature 
- 
as the dynamic shear properties of both elastomers are now 
available over a relatively wide range of frequency and temperature. 
This is shown in Figures 68-73. 
It is observed, in general, that the loss factor of these panels (n), 
decreases with increasing frequency and temperature. Two factors in 
fact play an important role in controlling the loss factor of composite 
panels. The first factor is the dynamic shear properties of 
viscoelastic materials, namely the dynamic shear modulus (G2) and the 
loss tangent 02), the suffix 2 here is referred to as layer 2, see 
Figure 4. As these properties are strongly dependent on temperature 
and frequency, the panel loss factor will be dependent on temperature 
and frequency., Increasing G2 and ý2, in fact, leads, to the increase of, 
panel loss-factor. The second and probably the most important factor 
is the frequency. This factor actually not only affects the damping 
properties of viscoelastic materials, but also affects the panel loss 
factor through equation 2.7 which affects equation 2.3 and in turn 
affects equation 2.1, see Chapter 2, Section 2.4. The strong direct 
effect of frequency is shown graphically in Figure 81, where the panel 
loss factor was calculated and plotted against frequency when all other 
parameters were kept constant. The prominent fluctuations of the panel 
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loss factor, occurring at -30 and -400C of Figures 1 70,72 and 73 are 
due to the peculiar fluctuations of dynamic shear modulus of 
polysulphide rubber and ethylene propylene rubber already discussed in 
Section 5.1.4. 
5.6.1 The Effect of Elastic Materials on the Design of Constrained 
Damping Layers 
Comparison, based on equal size, can be made between panels (Pla and 
P15a), Panels (Plb and P15b) and Panels (El and E15)- The only 
difference between the first and the second panel of each couple, is 
the material of the elastic layer. In the first panel of each couple 
(panels Pla, Pib and Ej), the base layer and the constraining layer are 
made of magnesium. In the second panel of each couple (panels P15a, 
P15b and E15), these elastic layers are made of steel. The effect of 
elastic materials on the damping performance of composite panels can be 
seen by comparing Figure 68 with Figure 69, Figure 70 with Figure 71 
and Figure 72 with Figure 73. It can be noticed that the composite 
panels whose elastic materials are made of magnesium provide higher 
damping by a factor of magnitude of (3.3-4.5), depending on the 
temperature and frequency, than that of their counterpart panel whose 
elastic materials are made of steel. This comparison indicates the 
importance of elastic materials on the design of composite damping 
panels, when the performance of optimum design of these panels was 
examined when changing the frequency and temperature of operation or 
application. 
5. &2 The Effect of Visoelastic Materials on the Design of Constrained 
Damping Layers 
To examine the effect of viscoelastic materials on the damping 
performance of composite panels, comparison based on equal size and 
nearly equal weight can also be made between panels (Plb and Ej) and 
panels P15b and E15)- The only difference here between the first and 
the second panel of each couple, is the viscoelastic material of the 
middle layers. In the first panel of each couple (panels Plb and P15b) 
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the viscoelastic material of the middle layer is polysulphide rubber. 
In the second panel of each couple (panels E, and E15), the 
viscoelastic material is ethylene propylene rubber. 
The effect of viscoelastic materials on the damping performance of 
composite panels can be noticed by comparing Figure 70 with Figure 72 
and Figure 71 with Figure 73. In general, no great difference can be 
noticed in these figures. However at certain conditions of temperature 
and frequency one viscoelastic material or another may be preferred as 
will be seen in the next section. The effect of viscoelasic materials 
on the panels loss factor seems to be affected by the difference of the 
dynamic shear modulus and the loss tangent of polysulphide rubber and 
ethylene propylene rubber found in Figures 34,36 and Figures 40,42 
correspondingly. 
Having discussed, in general, the effect of material of construction on 
the damping performance of composite panels, an important note may be 
pointed out concerning the relative values of Young's modulus of 
elastic materials (El and E3) and the dynamic shear modulus of 
viscoelastic materials (G2), see Figure 4. The fluctuation in the 
panels loss factor noticed at -400C, which was attributed to the 
fluctuation in dynamic shear modulus of viscoelastic materials as 
mentioned earlier in Section 5.6, seems to be more pronounced in panels 
Plb and El than that of panels P15b and E15, compare Figures 70 and 72 
with Figures 71 and 73 correspondingly. The fluctuation in the loss 
factor of panel Pib in Figure 70 is higher than that of panel P15b in 
Figure 71, although the viscoelastic material is the same for the two 
panels I the polysulphide rubber. The same thing is observed for 
panel El in Figure 72 and Panel E15 in Figure 73 where the viscoelasic 
material here is ethylene propylene rubber. The reason for this 
difference in the degree of fluctuation is attributed to the relative 
values of El and E3 to G2- The lower the difference between El and E3 
and G2 the higher the fluctuation. Not to forget, of course, the other 
two important factors mentioned earlier, the frequency and the loss 
tangent of viscoelastic material. 
ill 
From the foregoing discussion, it can be seen that there are many 
factors' concerning the design of constrained damping layers. The 
factors that have to be considered are: the mechanical properties of 
elastic materials and the dynamic shear properties of viscoelastic 
materials which are of great importance, the dimensions and'thickness 
of all layers, the temperature and frequency of vibrations a're also 
important as the dynamic mechanical' properties of viscOelastic 
materials are strongly dependent on temperature and frequency, and the 
environment at which the composite panels will be Used, where the 
material of construction of these panels must withstand that 
environment over a certain period of time. In diesel engines the 
materials to be used for noise reduction must resist a severe 
environment such as immersion resistance to several kinds of oil and 
must not absorb liquids. The requirements for noise reducing materials 
for' use in diesel engines are listed in Appendix 11, reference 173. 
5.7 NATERIALS SELECTION OF CONSTRAINED DANPING LAYERS 
Two types of material are important in determining the damping ability 
of constrained damping layers (composite damping panels). These are 
elastic and viscoelastic materials. The materials of base and 
constraining layers of a composite panel are elastic materials and the 
material of the middle layer is a viscoelastic material. 
It was found that magnesium is the best elastic material of those 
investigated in this work for-use as 'the material of the base and 
constraining layers. A composite panel in which its base layeý is made 
of magnesium and its constraining layer is'-made of aluminium comes in 
second place. Another composite panel where the base and constraining 
layers are made of aluminium and magnesium respectively takes third 
place. A composite panel in which its base and constraining layers are 
made of aluminium takes fourth place. The worst elastic material is 
steel. Generally, both magnesium and aluminium prove to provide good 
damping if they are used in composite damping panels, regardless of 
frequency and temperature of application. 
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The dynamic shear properties of viscoelastic materials are very 
important in composite damping panels. These materials tested in this 
work possess high damping properties at certain conditions of frequency 
and temperature. A single viscoelastic material does not provide the 
best damping over the whole range of frequencies and temperatures 
investigated (100-1500 Hz and -40 to 1000C). For reducing the noise 
from thin-sectional, noise-radiating components of a diesel engine, a 
combination of magnesium (for the base and constraining layer) and one 
of the following viscoelastic materials, is suggested for the 
construction of efficient composite panels, at the indicated conditions 
of frequency and temperature. 
Polysulphide rubber: frequency range 100-700 Hz and 1300-1500 Hz 
and temperature range 80-1000C, 
Ethylene propylene rubber: frequency range 800-1200 Hz and 
temperature range 80-1000C. 
For-some applications, two relative temperatures:,, low (-400C) and 
moderate or room temperature (200C) can be chosen to fi ' nd 
the most 
suitable viscoelastic material. - Under the indicated conditions of 
temperature and frequency, magnesium is 
-recommended, 
along with the 
following viscoelastic materials: .11 
a) Polysulphide rubber. At a temperature of, -40OC-and frequency 
ranges of 100-200, Hz and 800-1300 Hz. Also at a temperature of 200C 
and frequencies of. 600-1200, Hz and 1500 Hz. 
b) Ethylene propylene rubber. , 
At a temperature of -400C and 
frequencies 300-700 Hz and 1400-1500 Hz. Also at a temperature of 
200C and frequencies of 100-500 Hz and 1300-1400 Hz. 
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CHAPTER 6 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
6.1 CONCLUSIONS 
In the light of the investigations carried out in the present work, the 
following conclusions can be drawn: 
The, method of measurement, where, the forced vibration non-resonant 
technique is adopted, proves to be useful in investigating the 
dynamic shear properties of viscoelasic materials. This method 
enables the measurement of properties over wide ranges of frequency 
(50-1500 Hz) and temperature (40 to 1000C), but with small values 
of strain amplitudes (not higher than 1.4%). 
The range of frequency can be extended to values higher than 1500 
Hz using a powerful vibrator. This is also useful in measurement 
of properties at temperatures lower than -400C and at higher values 
of strain amplitude. A suitable environmental chamber can be used 
to obtain temperatures lower than -400C and higher than 1000C. 
2. Polysulphide rubber and ethylene propylene rubber genrally possess 
considerable damping (high values of loss tangent "a") over 
relatively wide ranges of temperature (-40to 600C)and frequency 
(100-1500 Hz). The peak values of a occur at -400C and around 
1100-1200 Hz. 4 
3. Reasonable correlation exists between shear modulus measured by the 
forced vibration non-resonant method and the method of reduced 
variables. The Mooney molecular theory of crosslinked polymer 
networks also explains the observed modulus. 
4. Heat build-up can occur, inside the vibrating specimens and a, rise 
in temperature as a result of the dissipation of energy was 
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estimated between 8-310C at frequency of 1000 Hz. This rise may 
increase at higher frequencies. 
5. No significant effect of strain amplitude on the dynamic shear 
properties of both elastomers was found. 
6. Measurement is difficult of dynamic shear properties of elastomers 
at and around the glass transition temperature. 
7. A new approach in measuring the loss shear modulus directly with 
simple and straightforward mathematics is proposed. 
8. ý The-design of constrained damping layers (composite damping panels) 
depends on the thickness of various layers, as well as on the 
- materials of construction. 
The panel loss factor generally increases with decreasing thickness 
of all layers. When the suitable thickness of the base and the 
middle layer are chosen, there is an optimum thickness of the 
constraining layer corresponding to an optimum loss factor of the 
composite panel. 
In general , magnesium is the superior elastic material of those 
investigated in the present work. Aluminium is the next most 
suitable material and steel is the poorest elastic material in 
composite damping panels. A comparison based on equal size showed 
that a composite panel with its elastic material made of magnesium 
provides 3.3-4.5 times the damping of a panel in which the elastic 
material is made of steel. A combination of magnesium and 
aluminium provides high damping of such a composite panel. 
Polysulphide rubber and ethylene propylene rubber are suitable for 
use in composite damping panels. However, each of these materials 
used individually does not, provide the best damping of such a 
composite panel over wide ranges of frequency and temperature. 
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For - reducing the noise in diesel engines, a combination of magnesium 
for the' base and constraining, layers and one of the following rubbers 
is recommended at the indicated conditions of frequency and 
temperature: 
a Polysulphide rubber: frequency range 100-700 Hz and 1300-1500 Hz 
and temperature range 80-1000C. 
b) Ethylene propyl ene ' rubber: frequency range'800-1200 Hz - and 
temperature range 80-1000C. 
When a composite panel is required for damping noise in a very cool or 
a moderate (ambient temperature) environment, a combination of 
magnesium for the base and constraining layers and one of the following 
viscoelastic materials provide the best damping at the indicated 
conditions: 
i) Polysulphide rubber: frequency range 100-200 Hz and 800-1300 Hz 
and temperature -400C. Also at a temperature of 200C and 
frequencies 600-1200 Hz and 1500 Hz. 
ii) Ethylene propylene rubber: frequencies 300-700 Hz and 1400-1500 
Hz and temperature -400C. Also at a temperature of 200C and 
frequencies 100-500 Hz and 1300-1400 Hz. 
6.2 SUGGESTIONS FOR FUTURE WORK 
The following recommendations can be made: 
The use of a powerful vibrator for testing viscoelastic materials 
at frequencies higher than 1500 Hz. Such a vibrator may be able to 
vibrate specimens at high 'values of strain amplitude, therefore the 
effect of strain amplitude can be examined. 
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2. It is worth using some wrought magnesium-based alloys as elastic- 
materials in composite damping panels, such alloys may contain 
aluminium 3%, manganese 0.3%, and zinc 1%, or zinc 1% and zirconium 
0.7%. In addition these alloys can provide greater strength and 
corrosion-resistance(174) and can be found in rolled sheet form. 
3. Experimental investigations on panel loss factors, using a method 
similar to that mentioned in reference (90), where the method was 
based on the Oberst Beam technique, in which the panel resonance 
modes can be examined to determine the panel loss factor. Another 
method can be used(34). where the panel loss factor can be 
determined by measuring the decay rate of vibrations excited in the 
panels by impact with a pendulum. This can be done for panels 
constructed as below: 
.. Layer 1 Layer 2 Layer 3 
a) Magnesium Elastomer Magnesium 
b) Magnesium Elastomer Aluminium 
C) Aluminium Elastomer Aluminium 
d) Steel Elastomer Steel 
The elastomer may be either polysulphide rubber or ethylene 
propylene rubber. The conditions of temperature and frequency 
should be representative of those experienced by thin-sectional 
components on the engines. 
I 
A comparison between the calculated panel loss factors (using the 
theory of constrained damping layers) and the measured loss factors 
can then be made. 
A real trial of composite components with high dSmping ability may 
be applied practically on a diesel engine and the reduction in 
noise may be measured. 
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4. It may be interesting to construct composite panels made from 
magnesium and/or aluminium as elastic materials and carbon fibre 
reinforced materials as the core material. The flexural vibration 
of such a panel may cause slip page between the orientated carbon 
fibres and the base material (epoxy resin), which may result in 
high damping. This type of material may also be useful in 
constructing four layer composite panels made from: a layer of 
carbon fibre reinforced material and a layer of one of the 
viscoelastic materials tested in the present work, both layers are 
constrained by two elastic layers. This arrangement may result in 
providing composite panels possessing high damping over a wider 
range of frequency, in comparison with three layer composite 
panels. 
5. Theoretical approaches to predicting suitable elastomers for high 
Aamping over specially selected temperature and/or frequency 
ranges. 
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APPENDIX I 
LISTING OF THE PROGRAM USED TO 
CALCULATE COMPOSITE PANELS 015MCTOR 
character*32 fi, fo 
print 1000 
1000 formattlenter name of Input file max. 32 letters') 
read *, ri 
foz, out, //rI 
open (unit-4. rile-fi, formalformatted') 
open (ynita5, rilenfoororm-Iformatted') 
WRITE(5,60) 
WRITECS, I) 
22 
2 
24 
3 
25 
4 
27 
5 
28 
6 
31 
7 
32 
a 
FORMAT (IH 'ENTER ALL NUMBERS IN FREE FORMAV) 
WRITE(5,60) 
WRITE(5.2) 
FORMAVIH 'ENTER THICKNESS OF BASE LAYER MM)f) 
READ(4, *) Hl 
IF (IFLAC. EQ. 1) COTO 18 
WRITE(S. 3) 
FORMAT(lH 'ENTER THICKNESS OF CONSTRAININC LAYER (MM)l) 
READ(4, *) H3 
IF (IFLAC. EQ. 1) COTO 18 
WRITE(5,4) 
FORMAT(lH 'ENTER MODOLUS OF BASE LAYER (N/MM**2)1) 
READ(4, *) El 
IF (IFLAC. EQ. 1) COTO 18 
WRITECS, 5) 
FORMAT(lH . 'ENTER MODOLUS OF CONSTRAININC LAYER (N/MM**2)1) 
READ(4, *) E3 
IF (IFLAG. EQ. 1) COTO 18 
WRITE(5,, 6) 
FORMAT(lH . *ENTER DENSITY OF BASE LAYER 
READ(4, *) RHOI 
IF (IFLAG. EQ. 1) COTO 18 
WRITE(5,7) 
(KC/MM**3)1 ) 
FORMAT0H . *ENTER DENSITY OF VISCOELASTIC LAYER 
READ(4, *) RH02 
IF (IFLAC. EQ. 1) COTO ia 
WRITE(5,8) 
FORMAT(lH . *ENTER DENSITY OF CONSTRAINING LAYER 
(KC/MM**3)1) 
(KC/MM**3)1) 
READ(4, *) RH03 
IF (IFLAC. EQ. 1) COTO 18 
34 WRITE(5,9) 
9 FORMAT(lH 'ENTER DAMPING FREQUENCY (HZ)l) 
READ(4, *) F 
IF (IFLAC. EQ. 1) COTO 18 
35 WRITE(5,11) 
11 FORMAVIH . 'ENTER THICKNESS OF VISCOELASTIC LAYER (MM)l) READ(4, *) H2 
- IF (IFLAC. EQ. 1) COTO 18 
37 WRITE(5.12) 
12 FORMAT CIH . 'ENTER LOSS FACTOR OF VISCOELASTIC LAYER') READ(4, *) BETA2 
IF (IFLAC. EQ. 1) COTO 18 
38 WRITE(5.13) 
13 FORMAT (1H 'ENTER SHEAR MODULUS OF VISCOELASTIC LAYER (N/MM**2)1) 
READ(4, *) C2 
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IF (IFLAC. EQ. 1) COTO 18 
IFLAC-1 
18 WRITE(5,44) 
44 FORMAT ClH 'ENTER 1 FOR CORRECTIONS') 
READ(4, *) I 
IF (I. EQ. 1) COTO 43 
21 EE3zE3/El 
HH3=H3/Hl 
HH31-(H2+(HI+H3)/2)/Hl 
YINxtl/(EE3*HH3)+I)*(I+EE3*HH3**3)/(12*HH31**2) 
Y-I/YIN 
RHOzRHOI*HI+RH02*H2+RH03*H3 
XOPT-I/(((I+Y)*(I+BETA2**2))**0.5) 
PXOPT-XOPT 
200 Bx(El*Hl**3+E3*H3**3)/12*(I+((XOPT*Y)/(I+XOPT))) 
PSOIN-SQRT(B/RHO)/2/3.14/F 
PX(I/PSQIN) 
XzC2/P/H2*((I/El/Hl)+(I/E3/H3)) 
WRITE(5,10)X 
10 FORMAT(FlO. 5) 
IF((ABS(X-XOPT)). LT. O. 0001) COTO 100 
XOPTr-X 
COTO 200 
100 Bz((EI*Hl**3)+(E3*H3**3))/12*(I+C(X*Y)/(l+X))) 
ZNz(2+Y)*PXOPT/2 
ETAMAXaBETA2*Y/(2+Y+2/PXOPT) 
ETAtETAMAX*2*ýl+ZN)*X/PXOPT/(1+2*ZN*X/PXOPT+(X/PXOPT)**2) 
WRITE(5.2O)Hl, H2. H3 
WRITE(5,30)EI, C2, E3 
WRITE(5,50)RHOI, RHO2. RHO3 
WRITE(5,40)BETA2 
WRITE(5,60) 
WRITE(5,70)F. Y. X. PXOPT. ETAMAX, ETA 
20 FORMAT(lH . 6X. 'LAYERI. 22X, lHl. 9X. IH2.9X, IH3/ 
16X, 'HEICHT (MM)', 9X. 3FlO. 4) 
30 FORMAVIH 5X, STIFFNESS (N/MM**2)'. 3X, 3ElO. 2) 
50 FORMAT(lH . 5X, *DENSITY (KC/MM**3)1,4X. 3EI0.2) 
40 FORMATtlH . 5X. ILOSS FACTORI, 2OX. F9.3) 
60 FORMAT (/. /. /) 
70 FORMAT(lH SX. *DAMPINC'. 6X, 'Y'. 8X, *X', lOX, 'XOPTI, 7X, 'ETAMAX, 
ISX, IETA'/. 6X. 'FREQUENCY'. 46X, 'PANELI/. 8X. I(HZ)1,49X, 
2'LOSS'/, 61X. *FACTOR*/, 7X, F7. O. 2X. FB. 2,4(3X, F5.5)) 
WRITE(5.60) 
WRITE(5.14) 
14 FORMAT CIH *PRESS RETURN TO CONTINUE') 
READt4, *) 
WRITE(5.51) 
51 FORMAT (1H 'DO YOU WANT TO STORE THIS DATA (OzNO, 1-YES)I) 
READ(4, *) IHANNA 
IF (IHANNA. EQ. 0) COTO 52 
IHANNAxO 
WRITE(5,60) 
WRITE(5,70) F, Y, X. PXOPT, ETAMAX. ETA 
52 WRITE(S. 15) 
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15 FORMAT CIH 'IF YOU WANT TO STOP ENTER 01) 
READ(4, *) ISTATE 
IF (ISTATE. EQ. 0) COTO 16 
WRITE(5.17) 
17 FORMAT (1H 'IF YOU WANT TO CHANCE ALL DATA ENTER 01) 
READ(4, *) IFLAC 
IF (IFLAC. EQ. 0) COTO 18 
43 WRITE(5,19) Hl. H3. El, E3, RHOI. RHO2, RHO3, F, H2, BETA2. C2 
19 FORMAT (IH . 'THE STATUS NOW IS '/, /. 
*1 CORRECTION DESCRIPTION VALUE UNIT 
*0 NO. '/, 5X, 'O', 7X. 'NO CHANCE'/. 
*5X, 111,7X, IBASE THICKNESSI, 6X, F6.2,14X, IMMI/, 
*5X, 121,7X, ICON. THICKNESSI, 6X, F6.2,14X, IMMI/, 
*5X, 131,7Xt'BASE MODULUSI, 8X, EIO. 2, IOX, *N/MM**21, /, 
*5X, 141,7Xt'CON. MODULUSI, 8X, EIO. 2, IOX, 'N/MM**21,, /, 
*5X, 151,7X, IBASE DENSITYI, 8X, EIO. 2, IOX, IKC/MM**31/, 
*5X, 161,7X, IVIS. DENSITYI, BX, EIO. 2, IOX, IKC/MM**31/, 
*5X, t7l, 7X, ICON. DENSITYI, 8X, EIO. 2tlOX, IKC/MM**31/, 
*SX, 181,7X, IDAMPING FREQ. 1,7X, F9.2, IIX, IHZI/, 
*5X, 191,7X, IVIS. THICKNESSI, 7X, F6.2,14X, IMMI/, 
*4X, 1101,7X, IVIS. LOSS FACTORI, 4X, F6.2/, 
*4X, Illl, 7X. IVIS. SHEAR MODULUSI, 2X, E10.2, IOX, 'N/MM**21/, 
*/, /. 2X, IENTER CORRECTION NUMBER 1) 
42 READ(4, *) I 
IF (1-1 ) 21,22,23 
23 IF (1-3) 24,25.26 
26 IF (1-5) 27,28.29 
29 IF (1-7) 31,32,33 
33 IF (1-9) 34,35,36 
36 IF (1-11) 37,38,39 
39 WRITE(5,41) 
41 FORMAT (I MAX CORRECTION NO. IS IIIPRE-ENTER CORRECTION 
COTO 42 
16 close(unita4) 
close(unit-5) 
CALL EXIT 
END 
NUMBER') 
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APPENDIX II 
REQUIREMENTS FOR NOISE REDUCING MATERIALS 
Materials used for reducing noise on diesel engine components must be 
capable of withstanding the following (173): 
Immersion in lubrication*oil at 1350C for I hour in 24 hours 
2. Immersion in lubricating oil at 1200C continuously 
3. Immersion in diesel fuel at 700C 
4. Immersion in 100% ethylene g lycol anti-freeze at 1000C 
5. Immersion in petrol at ambie nt temperature 
6. Immersion in brake fluid, at 500C 
7. Sprayed coating of "Xylene" cleaning solvent at ambient temperature. 
Flexibility - must be resistant to cracking or flaking under flexing 
conditions. 
Flammability - must not support combustion i. e. be self-extinguishing 
when ignition source is removed. 
Elasticity of isolation layers - 60 KN/m 
2 to 150 KN/M 2. 
Must not absorb liquids (e. g. fuel and lubricant oil). 
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temperatures. Curves 1-7 relate to increasing temperature, that 
for curve 4 being the. "reference temperature" T0 
14. Engineering drawing for the rig base 
15. Schematic diagram. of the specimen assembly 
16. Engineering drawing for (A) the mass spring system holder, (B) the 
yoke (C) the mass-rubber system holder, and-(D) the driven member 
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17. Engineering drawing for holding larger specimens 
18. Engineering drawing for the capacitive transducer holder 
19. Engineering drawing of the micrometer arrangement for adjusting 
the air gap 
20. Engineering drawing showing the layout of the rig components on 
the base plate 
21. Schematic wiring diagram, showing all equipments 
220 Capacitive transducer calibration diagram 
23. Mass-spring system used for the calibration of the phase angle 
24. Preparation of polysOlphide rubber specimens in the mould 
25. Schematic wiring diagram. showing all equipments, when first 
attempt at using an electromagnetic transducer 
26. Mechanical arrangement of double simple shear vibrating sample 
27. Viscous damping system with harmonic excitation 
28. Vector diagram for the forces involved in the vibrating sample 
29- Dependence of complex, dynamic and loss shear moduli and the loss 
32 tangent'of polysulphide rubber cured for one week on temperature 
and frequency respectively 
33- Dependence of complex, dynamic and loss shear moduli and the loss 
36 tangent of polysulphide rubber cured for nine months on, temperature 
and frequency respectively 
37. Complex shear modulus vs frequency for polysulphide rubber at 
temperature =-400C, showing the error bars 
38. Dynamic shear modulus vs frequency for polysulphide rubber con- 
structed from data obtained within a limited frequency range and 
at different temperatures, the reference temperature = DOC. Values of the modulus, measured at OOC, are also shown. 
39- Dependence of complex, dynamic and loss shear moduli and the loss 
42 tangent of ethylene propylene rubber on temperature and frequency 
respectively 
43. Complex shear modulus vs frequency for ethylene propylene rubber 
at temperature = -400C. showing the error bars 
44. Dynamic shear modulus vs frequency for ethylene propylene rubber 
constructed from data obtained within a limited frequency range 
and at different temperaturess the reference temperature = OOC. Values of the modulus, measured at DOC, are also shown 
134 
45- The effect of viscoelastic layer thickness on the loss factor 
59 of symmetrical panels for groups: B, A, C, U, V, H, K, M, N, 
Rs 59 Ts X, Y and Z respectively 
60- The effect of constraining layer thickness on the loss factor 
62 of aluminium, steel and magnesium based panels of I mm thickness 
respectively 
63- The effect of constraining layer thickness on the loss factor 
65 of aluminium, steel and magnesium based panels of 2 mm thickness 
respectively 
66. The effect of constraining layer thickness on the loss factor of 
composite panels; base thickness =1 mm 
67. The effect of constraining layer thickness on the loss factor of 
composite panels; base thickness =2m 
68T 
73 
Dependence of loss factor of pane 
t m ratu a df ue c E 
ls P Pjýý' 
es 
Wiv Plb' Pl5b a E, and 
e pe 15 on re n req n y r p 
74. Infra-red spectrum of the tested polysulphide rubber 
75- Infra-red spectrum of LP-3. LP-2C and LP-31 liquid polysulphide 
77 polymers respectively 
78. Schematic diagram of dynamic and loss shear moduli predicted by 
theory, showing the effect of relaxation time and of the experi- 
mental changes in these moduli with frequency 
79. A single molecule of ethylene propylene rubber showing chemical 
crosslinks and coupling entanIgement 
80. Changes of the resultant modulus as it would be taken from direct 
measurement on, the force transducer, showing how the loss shear 
modulus G" can be obtained from a direct simple measurement 
81. The effect of frequency only on the loss factor of panel Plb; 
all other parameters are kept constant. 
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TABLE 25: Description of Panels Having the Same Thickness and Material 
of Base Layer and Different Construction* 
Group Panels Constructiont HI 
mm 
142 
M 
H3 
M 
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------------ 
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----------------------------- ---------- ---- 
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Fe/P/Mg 
------------ 
Fe/P/Pb 
------ ------- --------- -- ----------- -- m ------- 
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Mg/P/Fe 
---- mm ---------- m ---- ------ ------ 
4 Same panel construction 2.0 0.15 Varies 
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as in Group 1 
-------- --m --------- m ------ ---------- - ------- -- 
5 Samp panel construction 2.0 0.15 Varies 
------------ 
as in Group 2 
------ m- --------- ------- --- 
6 Same panel construction 2.0 0.15 Varies as in Group 3 
HIs H2 and H3 are referred to in Figure 
t Al: Aluminium 
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Zn: Zinc 
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Mg: Magnesium. 
Pb: Lead 
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FIG. 10: VECTOR DIAGRAM FOR THE MATERIAL MODULI, SPRING 
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FIG. 17: ENGINEERING DRAWING FOR HOLDING LARGER SPECIMENS 
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FIG. 19: ENGINEERING DRAWING OF THE MICROMETER ARRANGEMENT 
FOR ADJUSTING THE AIR GAP 
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DISPLACEMENT OF THE DRIVEN MEMBER 
FIG. 22: THE CAPACITIVE TRANSDUCER CALIBRATION DIAGRAM 
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FIGURE 27: VISCOUS DAMPING SYSTEM WITH HARMONIC EXCITATION 
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FIGURE 28: VECTOR DIAGRAM FOR THE FORCES INVOLVED IN THE 
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FIG. 45 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 46 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 47 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
FACTOR OF SYMMETRICAL PANELS FOR GROUP C 
0.18 
0.16 
0.14 
0.12 
w 
0 
0.10 
ul 
01 
LLJ 0.0 8 
z 
0.06 
0.04 
0.02 
AI/P/Mg 
0 Hl=H3=1 mm 
+ Hl=H3--2 mm 
* Hl=H3'2.5 mm 
* Hl=H3=3.2 mm 
0.00 11. I...... ..... I.. I,,, ii 0 0.25 0.50 0. ý 511.25 1.50 1.45. ... 2.25 
THICKNESS OF VISCOELASTIC LAYER (mm) 
FIG. 48 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 49 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 50 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 52 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 54 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 55 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
FACTOR OF SYMMETRICAL PANELS FOR GROUP S 
t 
0.18 
0.16 
0.14 
0.12 
0 
U 
0.10 
U<- V) 
Ul) 
01 
Lai 0.08 Li 
z 
CL 
0.06 
0.04 
0.02 
Mg/P/Pb 
0 Hl=H3=0.52 mm 
+ Hl=H3=1 mm 
0 Hl=H3--2mm 
0 Hl=H3=3.2 mm 
0.00 
0 0.25 0.50 0.75 1 1.25 1.50 1.75 2 2.25 
THICKNESS OF VISCOELASTIC LAYER (mm) 
FIG. 56 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 57 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 58 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 59 : EFFECT OF VISCOELASTIC LAYER THICKNESS ON THE LOSS 
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FIG. 60 : THE EFFECT OF CONSTRAINING LAYER THICKNESS ON 
THE LOSS FACTOR OF ALUMINIUM BASED PANELS 
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FIG. 61 : EFFECT OF CONSTRAINING LAYER THICKNESS ON 
THE LOSS FACTOR OF STEEL BASED PANELS 
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FIG. 62 : THE EFFECT OF CONSTRAINING LAYER THICKNESS ON 
THE LOSS FACTOR OF MAGNESIUM BASED PANELS 
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FIG. 63 : THE EFFECT OF CONSTRAINING LAYER THICKNESS ON 
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THE LOSS FACTOR OF STEEL BASED PANELS 
BASE THICKNESS =2 mm 
-1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 
THICKNESS OF CONSTRAINING LAYER (mm) 
w 
0 
15 
L<l 
LLJ z 
CL 
0.15 
0.14 
0.13 
0.12 
0.11 
0.10 
0.09 
0.08 
0.07 
0.06 
0.05 
O. OA 
l=2 mm 
mqlplmq 
Mq/p, ýft- 
Mq/P/Al 
- 
Mq/P/Zn 
Mq /P/Fe 
FIG. 65 : THE EFFECT OF CONSTRAINING LAYER THICKNESS ON 
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FIGURE 79: A SINGLE MOLECULE OF ETHYLENE PROPYLENE RUBBER WITH: 
STRANDS TERMINATED AT CHEMICAL CROSSLINKING ONLY 
OCCURRING AT THE PRESENCE OF THE THIRD MONOMER, 
THE CROSSES 
b) STRANDS TERMINATED AT CHEMICAL CROSSLINKING AND 
COUPLING ENTANGLEMENT, THE BLACK CIRCLES 
f fi 
FIGURE 80: THE CHANGES OF THE RESULTANT MODULUS AS IT WOULD BE 
TAKEN FROM DIRECT MEASUREMENT ON THE FORCE TRANSDUCER, 
SHOWING THE VALUE OF G" OCCURRING AT A CERTAIN 
FREQUENCY (fl) 
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FIG. 81 : THE EFFECT OF FREQUENCY ONLY ON THE LOSS FACTOR OF 
PANEL Plb ; ALL OTHER PARAMETERS ARE KEPT CONSTANT 
